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PREFACE
A common goal in biological oceanography and marine ecology is to determine 
factors controlling the abundance and distribution of marine organisms. Most benthic 
marine invertebrates possess a complex life cycle in which the early life history phase is 
decoupled from the benthic phase with respect to morphology, habitat and ecology. Thus 
identifying the larval counterpart of benthic adults can be difficult, and determining the 
importance of the larval phase in structuring adult communities is nearly impossible.
In the present study, larvae are identified to species-level using mitochondrial 
DMA, the abundance and distribution of larvae is related to physical forcings and the 
survival of new recruits is determined. More specifically, in Chapter I, Cucumaria 
frondosa larvae, which are morphologically similar to those of Psolus fabricii and 
Chiridota laevis, are identified with genetic probes, and the seasonal distribution of larvae 
is described. Chapter II illustrates a method of species-level identification for early life 
phases that possess interspecific morphological differences. In Chapter m , a field study 
is undertaken to address the fate of new recruits on the benthos, and to explore possible 
causes for the observed pattern. Finally, Chapter IV addresses whether behavioral or 
physical processes determine observed larval distribution in the water column.
v
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ABSTRACT
MOLECULAR IDENTIFICATION, COASTAL DISTRIBUTION AND 
RECRUITMENT OF CUCUMARIA FRONDOSA LARVAE IN THE WESTERN
GULF OF MAINE 
by
Dorothy E. Medeiros-Bergen 
University of New Hampshire, December, 1996
Understanding of the physical transport of larvae requires information on adult 
source populations, larval distributions, larval behavior and physical oceanography. 
Identification of three species (Cucumaria frondosa, Psolus fabricii and Chiridota laevis) 
of holothurian larvae in the western Gulf of Maine was done with a simple detection 
protocol, using oligonucleotide probes, for the 16S rRNA portion of the mitochondrial 
DNA genome. More than 2000 larvae and new recruits were analyzed. This technique 
revealed that of the three species present in the plankton, Cucumaria larvae dominated 
the samples comprising > 90% of the larvae and 95% of new recruits during 1993. 
Cucumaria larvae were most abundant during 1994 and 1995, as well.
The spatial distribution of Cucumaria larvae was documented over the spawning 
season during 1993,1994 and 1995 in the western Gulf of Maine. Active versus passive 
vertical movements were examined by comparing the specific gravity of the larvae with 
the ambient density of sea water. Typically, the specific gravity of the larvae was less 
than that of sea water, which implies that in order to settle, the larvae must be able to 
overcome positive buoyancy by swimming. I examined whether Cucumaria track a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
particular water mass by comparing the vertical density of larvae to local temperature, 
salinity and density distributions. There was no association between the larval 
distribution and hydrography. The influence of wind on the horizontal distribution of 
larvae was examined by determining the offshore extent of the highest abundances of 
larvae with upwelling and downwelling conditions. In 10/15 of the non-neutral cases, 
Cucumaria larvae were more abundant closer to shore after downwelling and were more 
abundant further offshore after upwelling, but neutral cases gave similar results. The 
mixed layer depth was shallower than the depth of the highest abundances of larvae, 
which suggests that Cucumaria larvae may avoid the surface layer by swimming down 
through the pycnocline.
Recruitment and juvenile abundances of Cucumaria were examined in the 
field during 1993,1994 and 1995. During the spring of 1993, recruitment at mussel beds 
was high. In the fall of 1994, no recruits were present on the benthos; juveniles were 
more abundant in coralline algae than in mussel beds or kelp holdfasts. In 1995 
recruitment was significantly higher in mussel beds than in coralline algae or kelp 
holdfasts. A two-day intensive field study indicated that recruits were significantly more 
abundant in mussel beds than in kelp holdfasts or coralline algae, while juveniles were 
significantly more abundant in the mussel beds than in coralline algae. Mussel beds may 
enhance early survival by providing a refuge from predation.
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CHAPTER I
DISTRIBUTION OF HOLOTHURIAN LARVAE DETERMINED WITH SPECIES-
SPECIFIC GENETIC PROBES
Introduction
The dispersive phase of benthic marine invertebrates can be a mechanism for 
maintaining or increasing geographic range as well as providing genetic continuity among 
geographically separate populations (Scheltema 1971; Scheltema 1991) but only if 
individuals survive and successfully reproduce (Le. effective dispersal) (Hedgecock 
1986). Thus, dispersal can be maladaptive if it causes larvae to settle into unsuitable sites 
(Gage and Tyler 1981; Strathmann et aL 1981).
One important consequence of long-distance larval dispersal is that population 
recruitment rates are independent of local reproduction (Sale 1990). Since many 
invertebrate larvae are dispersed mainly through advective processes, spatial and 
temporal variability in the larval pool and physical transport mechanisms are the 
dominant processes affecting recruitment rates (Banse 1986; Pineda 1994). Complex 
interactions between the arrival of larvae, behavior and microhabitat dynamics, influence 
the structure of benthic communities (Butman 1987; Gaines and Roughgarden 1985; 
Carlon and Olson 1993). The objective of this study is twofold: to develop a technique 
capable of identifying large numbers of marine invertebrate larvae and to describe the 
spatial and temporal variations in the distribution and abundance of three species of 
holothurian larvae on a regional and local scale.
1
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Historical perspective
The occurrence of bright orange/red sea cucumber larvae in the coastal waters of 
the Gulf of Maine during the spring months has been known among local natural 
historians and marine ecologists for many years. Although Mortensen (1927) identified 
these larvae as belonging to the dendrochirote holothurian Cucumaria frondosa, many 
local embryologists and natural historians in recent years had come to identify them as 
Psolus fabricii. During the summer months, sea cucumber larvae recruit heavily to 
subtidal areas, especially mussel beds, along the coast of New Hampshire. As part of a 
population study, in 1990 we began collecting the larvae and analyzing their mtDNA.
Our genetic findings indicated that the majority of the larvae were from the shallow water 
species of holothurian C. frondosa (Olson et aL 1991). This result, unexpected because 
P. fabricii occurs locally in large populations and C. frondosa is rarely found south of 
Casco Bay, Maine, prompted the present study.
Species-level Identification of Marine Invertebrate Larvae
Field studies of the abundance and distribution of planktonic larvae (Scheltema 
and Rice 1990; Pedrotti and Fenaux 1992) often fail to report larval identities below the 
generic level. In the absence of recognized adult counterparts, larval source populations 
and subsequent advective processes cannot be inferred. The problem is exemplified in a 
recent study on dispersal of sipunculid larvae by Scheltema and Rice (1990, p. 180) in 
which they conclude, "...until a correspondence is established between larval forms and 
adult species, only tentative conclusions are possible."
Our current inability to identify marine invertebrate larvae to the species level 
arises from two sources-morphological similarity and phenotypic plasticity. The larvae
2
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of many closely related species are so similar in form that even experienced 
embryologists cannot distinguish them. For example, Yamaguchi (1977) reared the 
larvae of four sympatric Pacific asteroids and found that he was unable to distinguish the 
larvae of one species from another. In addition to the basic problem of recognizing 
species, there is an increasing realization that the form of many invertebrate larvae is very 
plastic-being determined by a number of environmental variables such as food (Boidron- 
Metairon 1988; Olson et al. 1988; Strathmann et aL 1992), source of water (Wilson and 
Armstrong 1961) or temperature (Shirley et aL 1987). This phenotypic plasticity makes it 
difficult to identify larvae to the species level based on morphology alone.
Molecular Tools for Species-level Identification
A number of new biochemical and molecular techniques have the potential to 
solve the problem of species-level identification. Immunological techniques, such as 
monoclonal and polyclonal antibodies against cell surface markers, have shown great 
promise for the recognition of phytoplankton species (Campbell et al. 1983; Bates et al. 
1993) and have been developed for some marine invertebrate larvae (Miller et al. 1991). 
However, this technique is not always reliable for comparison among life history stages, 
since proteins detected during one life stage may not be present during another. 
Furthermore, cross-reactivity must be checked against a large number of species before 
specificity can be assured. Hu et al. (1992) used allozyme electrophoresis to identify 
mussel larvae. However, our desire to use alcohol preserved tissues precluded 
employment of this technique. A PCR (polymerase chain reaction)-based technique 
available for distinguishing species is the use of Randomly Amplified Polymorphic 
DNAs (RAPDs) (Crossland et aL 1993; Coffroth and Mulawka 1995). RAPD may be
3
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slightly less expensive than our technique, but is substantially more difficult to analyze 
since it also involves the reading and interpretation of gel bands. Other PCR-based 
techniques include DNA sequence comparisons (Litvaitis et al. 1994), restriction enzyme 
digests, dot-blot hybridizations, or some combination of the above (Banks et al. 1993; 
Geller et al. 1993).
In the present study, documentation of the temporal and spatial distribution of 
morphologically-identical holothurian larvae in the western Gulf of Maine was made 
possible by the development of a direct genetic technique for larval identification. Olson 
et aL (1991) provided an initial report on the technique of utilizing PCR to amplify a 
portion of the mitochondrial DNA (mtDNA) genome of individual holothurian larvae for 
species identification. We have now expanded this technique by creating species-specific 
DNA probes to permit the identification of large numbers of larvae. In this paper we 
report the results of both an isotopic (32p) and a non-isotopic (chemiluminescence) 
detection protocol.
Methods
Study Site and Study Organisms
The Gulf of Maine is characterized by a cyclonic gyre present in the surface 
waters throughout the year (Brooks 1985). Along the coast, the average speed of the 
surface current can range from 1-2 kmd'1 in the spring to 3-4 kmd*1 in the summer 
(Graham 1970). In the western Gulf of Maine, the southwestward-flowing coastal current 
may be accelerated during the spring by freshwater input from snow melt and 
precipitation events. At depth, the general flow is onshore. The present study was 
conducted along the New England coast between southern Penobscott Bay, Maine and
4
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Cape Cod, Massachusetts.
Cucumaria frondosa and Psolus fabricii spawn during the spring, an event which 
may be related to freshwater run-off (Hamel et aL 1993), primary production (Starr et al. 
1990) or photoperiod (Pearse and Eemisse 1982). The lipid-rich eggs are positively 
buoyant and arrive at the surface shortly after spawning, where development into a 
pentacula larva takes place. Larvae are competent to settle between 8 and 16 d after 
spawning, but may remain in the water column for an extended period of time.
C. frondosa and P. fabricii adults have a reportedly similar geographic range 
which extends from the Arctic to Cape Cod (Pawson 1977; Gosner 1978). P. fabricii is 
distributed continuously within this range. However, for C. frondosa, the largest 
populations exist in shallow water off the coast of New Brunswick and Maine (Clark 
1902; Klugh 1923; Jordan 1972). C. frondosa is rare along the coast of New Hampshire 
and Massachusetts (Clark 1902).
Field Methods
The regional larval pool was examined along the coast of New England on two 
cruises in 1993. A series of surface plankton tows were taken from the Penobscott Bay 
region southward to Cape Cod with a 333-pm mesh plankton net (opening 0.3 m). A 
flowmeter attached in the mouth of the net allowed the filtered volume of water to be 
determined. Live holothurian larvae were removed from the samples and frozen in 0.5 ml 
microcentrifuge tubes (on 24 May 1993) or preserved in 70% ethanol (on 4 June 1993), 
and then analyzed over the next few months.
The vertical distribution of larvae was monitored for 3 months across an offshore 
transect eastward from Portsmouth, New Hampshire. The transect was sampled in 1993
5
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on 26 March, 30 April, 14 May, 2 June, 8 June, 15 June, 25 June and 21 July. Depth 
stratified plankton tows were conducted with a closing mechanism (General Oceanics) 
attached to a 333 pm mesh plankton net (opening 0.3 m). The mouth of the plankton net 
was equipped with a flow meter (General Oceanics). Larvae were removed from samples 
onboard the ship and individually frozen in 0.5 ml microcentrifiige tubes for subsequent 
genetic analysis.
On 30 April, 1993, five large, orange embryos (blastulae) were present in the 
samples. These embryos were also individually frozen in vials so that we could 
determine if these were late-developing holothurian eggs.
Recruitment on natural substrate (mussels) was monitored at the Isles of Shoals 
using SCUBA. Replicate bags of 40 mussels were collected from the benthos at 10 m 
and 20 m depth. Mussels were transported to the surface and newly-settled sea 
cucumbers were removed and frozen in 0.5-ml microcentrifiige tubes for genetic analysis.
Laboratory Methods
For the genetic analysis, three adult Cucumaria frondosa were collected at 
Portland, Maine and five Psolus fabricii were collected at the Isles of Shoals, New 
Hampshire, using SCUBA. Two adult Chiridota laevis, a third species of holothurian 
found to produce morphologically similar larvae, were collected intertidally at 
Passamaquoddy Bay, Maine. Lastly, in order to establish an echinoderm sequence 
database, we collected a variety of North Atlantic echinoids, ophiuroids, and asteriods by 
trawling. Adults were identified using standard keys and guides (Mortensen 1927; 
Pawson 1977; Gosner 1978) and then frozen at -80°C until used. DNA was extracted 
from a 1 mm2 piece of adult tissue in 200 pi of a 5% Chelex solution by heating to 96°C
6
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for 15 min followed by a 30-s vortex and a 2-min centrifugation at 11,000 rpra. The 
supernatant (containing the DNA) was removed. The DNA was amplified by PCR using 
the universal primers 16Sa 5'-GCCTGTlTATCAAAAACAT'3' and 16Sb 5- 
CTCCGGTTTGAACTCAGATC-3' (Kessing et al. 1989).
We obtained mtDNA sequence by separating the PCR products on low-melting 
point agarose gels (SeaPlaque GTG). Bands containing the desired product were cut from 
the gel and the DNA recovered by agarase digestion (Sigma Chemical Co.). The sample 
was cycle sequenced according to the manufacturer’s protocol using a TAQ Dye 
Terminator Cycle Sequencing kit (ABI, Foster City, Ca,), then loaded onto an ABI373A 
automated sequencer. Inter- and intraspecific genetic variation along a 400 base-pair 
region of the 16S mtDNA sequences (bases 1-400) was compared for the three species.
To create oligonucleotide probes for the sea cucumber species, we selected a 15 
base pair region of the 16S rRNA gene in the mtDNA for which there was substantial 
sequence difference between the three species (Figure 1.1). Three probes (Cucumaria 5'- 
AGTATAAGAAACCTC-3'; Psolus 5'-AGAAACAAAAATCCT-3'; Chiridota 5’- 
AGTAAACTTAACCTC-3') were synthesized by Operon Technologies Inc. (Alameda, 
Ca.). In the case of isotopic detection, radioactive end-labeling of the probe with P32 was 
accomplished with T4 polynucleotide kinase (Sambrook et al. 1989). For the 
chemiluminescence protocol, probes were biotinylated.
To screen large numbers of larvae, we sorted individual larvae into vials and 
amplified their 16S rRNA gene. No DNA extraction procedure was necessary for the 
larvae. PCR was performed, following the methods of Kocher et al. (1989), on individual 
larvae in their plastic vials by adding reagent mix directly into the vial. The vial was 
placed into a thermal cycler (Perkin-Elmer) for 30 cycles of amplification (93°C for 0.5
7
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min: 50°C for 1 min: 72°C for 2 min). Each PCR run consisted of 44 larvae, 3 positive 
controls (one for each species) and a negative control. Positive controls consisted of a 
PCR reaction with mtDNA obtained from the chelex extraction of adult tissue for each 
species. The negative control consisted of a PCR reaction without any DNA.
The presence of PCR product was diagnosed on high melting-point agarose gels 
(Nuseive) stained with Ethidium bromide.
For each larva, 20 ill of PCR product was dotted onto a nylon membrane 
(Schleicher and Schuell for the isotopic and Tropix for the non-isotopic detection 
system). Alignment of samples was maintained with a Hybri-Dot manifold (Gibco), 
permitting 96 samples to be analyzed on a single membrane. Of the 96 wells in the 
manifold, 88 wells were available for the larvae, and 8 were used for two sets of positive 
and negative controls.
Isotopic Detection Protocol - After the PCR product was spotted on the membrane, the 
DNA on the membrane was denatured in 0.4 N NaOH, then baked at 80°C for 30 min, 
The membrane was then pre-hybridized for 1 h at 37°C. Fresh hybridization solution was 
then added along with the probe. The membrane was left at 23°C for 4 h to allow the 
probe to hybridize to positive samples.
The final stage involved washing the membrane to remove non-specifically bound 
probe. Three washes were performed as follows: 5 min at 23°C in 2X SSC/1% SDS 
wash solution; 5 min at 23°C in 0.5X SSC/1% SDS wash solution; 15 min at 30°C in 
0.5X SSC/1% SDS wash solution. The membrane was then autoradiographed at -80°C 
for 30 min. Positively hybridizing samples produced exposure dots on the 
autoradiograph.
8
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After reading the results of the probing, the membrane was stripped by washing it 
twice in boiling 0.1X SSC/1% SDS solution for 15 min each, which prepared it for re-use 
with the probes for the other two species. We ensured against the amplification of 
contaminant DNA during the study by individually sequencing a total of 331 probed 
larvae and the five embryos subsequent to the blotting procedure.
Chemiluminescent Detection Protocol-For this protocol, the Southern-Light 
Chemiluminescent Detection System (Tropix) was used. The PCR product was spotted 
onto the Tropilon membrane (Tropix) and then the membrane was denatured with 0.3 M 
NaOH, and then baked for 1 h at 80°C. The membrane was pre-hybridized for 1 h at 
37°C (Genius prehybridization solution, Boehringer Mannheim). Next, the hybridization 
solution containing the probe was added, and the membrane was kept at 26°C for 2 h.
In order to remove non-specifically bound probe, the membrane was washed 2 
times with 2X SSC/1% SDS wash buffer for 5 min at room temperature (R.T.), 2 times in 
IX SSC/1% SDS for 15 min (26°C), and 2 times with IX SSC for 5 min (R.T.).
Detection of the biotin-labeled probe on the membrane involved the following 
washes, according to the protocol of the manufacturers, all at constant agitation: two 
washes with blocking buffer for 5 min (R.T.), one wash in blocking buffer for 10 min 
(R.T.), an incubation with AVIDx-AP conjugate for 20 min (24°C), one wash with 
blocking buffer for 5 min (R.T.), three washes for 5 min in wash buffer (R.T.), two 
washes for 2 min in assay buffer (R.T.). Lastly, the chemiluminescent substrate solution 
was added to the membrane and incubated for 5 min (26°C). Hybridization resulted in 
exposure dots on film (Figure 1.2). After exposure to film, the membranes were stripped 
for re-probing by washing two times in 0.1X SSC/1% SDS for 20 min (95°C), and two
9
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washes for 5 min with IX SSC (R.T.) and then air dried.
Results
DNA Amplification Success Rate and Larval Preservation Procedures
Larvae which were frozen live provided the greatest percentage of successful 
amplification (Table l.la,b), ranging from 93 to 100%. Successful DNA amplification 
of alcohol-preserved larvae was 77%, somewhat lower than that of the frozen samples 
(Table 1.1,4 June 1993), and might be related to the purity of the ethanol. In the case of 
new recruits, only 77% of the frozen new recruits successfully amplified, and was 
probably due to a procedural anomaly. On this date, the mussels collected at depth 
remained on the deck of the research vessel for 2-3 h, partially drying, before the new 
recruits could be removed and frozen. By the time the recruits were removed, they had 
taken on a fuzzy appearance, indicative of the breakdown of biological tissue. As a 
consequence, the integrity of the DNA was probably compromised prior to freezing.
Individually Sequenced Larvae
Three hundred and thirty one larvae and the five embryos were individually 
sequenced so that we could be sure that only the DNA from sea cucumbers was being 
amplified. For the larvae, sequence data revealed that in all cases only DNA from the 
16S rRNA gene of the sea cucumbers had been amplified. Twelve of the larvae that were 
sequenced failed to hybridize strongly with any of the probes. Sequence data indicated 
that these larvae possessed a one base pair difference in their sequence in the region of the 
probe. The failure of these haplotypes to hybridize with the probe shows how extremely 
sensitive this technique is and suggests that it could be used to distinguish larvae that
10
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possess race alleles.
DNA from the embryos failed to hybridize with any of the probes. All sequences 
obtained from the embryos were identical, however the DNA sequence did not match 
those of the holothurians. The sequence was then compared within our mtDNA sequence 
database of more than 20 North Atlantic echinoderms. The database comparison 
revealed that the embryos were in fact those of the asteroid Solaster endica. The lack of 
hybridization of the S. endeca embryos is a clear indication of how informative this 
technique can be, especially when coupled with a large sequence database.
Number of Species
We began this study by probing larvae with species-specific probes created for 
Cucumariafrondosa and Psolusfabricii, the two species reported by Mortensen (1927). 
However, autoradiographs indicated a significant number of "double negatives"-not 
hybridizing with either of the two probes. When these larvae were sequenced, there were 
as many differences in this sequence compared to either C. frondosa or P. fabricii as there 
were between C. frondosa and P. fabricii (Figure 1.1, Table 1.2).
The large amount of sequence variation suggested that the new sequence might 
represent DNA from a different species. We found that the mtDNA sequence of 
Chiridota laevis matched that of the unknown species of larva exactly, and a new probe 
to screen for C. laevis was then created. Larval development in C. laevis was undescribed 
previous to this study and only one study reporting egg diameter has been conducted 
(Murdoch 1984). Large populations of C. laevis occur in Passamaquoddy Bay along the 
eastern coast of Maine but no other ecological information is currently available.
Average intraspecific variation of all three species is very low in comparison to
11
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interspecific nucleotide differences, although the range of sequence variation is greater 
for P. fabricii than for the other two species (Table 1.2). Overall, our estimates of 
intraspecific differences are in good agreement with estimates of intraspecific nucleotide 
diversity for the echinoids Strongybcentrotus purpuratus and S. drobachiensis (Palumbi 
and Wilson 1990).
Regional Distribution
Surface tows along the coast indicated that the majority of holothurian larvae were 
located in the northern region of the study area during May (Figure 1.3a). Larval 
densities exceeded 150 larvaem'3 at the northernmost station, and densities were greater 
nearshore, with a general decline in abundance offshore. No larvae were present at or to 
the south of Cape Ann, Massachusetts. During June, the highest densities of larvae were 
located offshore of Portland, indicating a movement of about 50 km to the south from the 
previous sample date (Figure 1.3b). This is consistent with the direction of movement 
of the coastal current and indicates a transport rate of 4.5 kmd'1. Larvae were more 
evenly distributed horizontally in June.
Genetic analysis from these two cruises indicated that the majority of sea 
cucumber larvae belong to the species Cucumaria frondosa for both cruises (Table 1.3a). 
Of the 402 larvae amplified, 76% proved to be the species C. frondosa. Among the 
remaining larvae, 20% were those of C. laevis and only 4% were those of P. fabricii. The 
overall relative proportion of the three species was very similar for the two cruises. 
However, there were regional differences in species composition and abundance. During 
May, C. frondosa dominated the samples at every location, and the density fluctuated 
over three orders of magnitude between the northernmost and southernmost locations. In
12
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the northernmost inshore station, the density of C. frondosa was greater than 95 larvaem'3 
whereas in the southernmost offshore station, the density was less than 0.1 larvaem'3. C. 
laevis larvae were completely absent from the southern waters, being found strictly to the 
north of Portsmouth. Larval densities ranged from 63 to 0.18 larvaem'3, an interval 
greater than 2 orders of magnitude. P. fabricii larvae were predominantly found at the 
southern stations located between Portsmouth and Cape Ann and their densities had a 
smaller range, extending from 1.3 to 0.12 larvaem'3. (Figure 1.3a).
During June, C. frondosa was still very abundant, dominating all but four 
locations in the region (Figure 1.3b). For this species, densities ranged from 74 to 0.05 
larvaem'3. On this second cruise, C. laevis densities were much lower (9 to 0.1 larvaem' 
3), but overall the larvae were more spread out, occurring at the inshore stations in the 
northern areas and at the offshore locations toward the south. P. fabricii was less 
abundant during June, with a range in densities of 1.76 to 0.09 larvaem 3, and mainly 
occurred at the inshore station.
Vertical Distribution
Larvae were not present in the coastal waters during March. During April and 
May, the density of larvae was generally less than 1 larvam*3. However, two large pulses 
of larvae occurred at 20 m on 2 June 1993 and 25 June 1993 (Figure 1.4a-f). By July the 
larvae were no longer present. With the exception of 14 May 1993 and 2 June 1993, the 
larvae were generally not found at the most offshore stations or in the deeper samples. 
Larval densities never exceeded 0.8 larvaem'3 in the most offshore station and were often 
much lower.
Similar to the regional pool, C. frondosa larvae dominated the samples along the
13
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study transect, comprising 42 to 100% of the larvae collected (Table lb), and were 
present on every sampling date and at almost every transect station. On 14 May 1993 P. 
fabricii dominated the samples at the most offshore station (Station 6), comprising 74% 
and 43% of the larvae at 66 m and 30 m, respectively, but was otherwise not abundant
C. laevis was most abundant on 14 May 1993 and 2 June 1993, and was typically found at 
the offshore stations when present Despite the fact that P. fabricii populations exist in 
the coastal waters, there was never a pulse of larvae of this species present in the 
plankton.
Recruitment
During June, larvae recruited heavily to mussel beds (Figure 1.5). Between sites, 
larvae tended to settle in greater numbers at 10 m. Species composition of new recruits 
was similar to larval availability in the plankton, with C. frondosa comprising between 
83% and 98% of all new recruits (Table 1.4). By the end of July, the number of recruits 
was greatly reduced. Although P. fabricii adults are present near the mussel beds, species 
composition of new recruits did not favor P. fabricii.
14
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Figure 1.1. Mitochondrial DNA sequence from the 16S rRNA gene of three species of 
holothurian. Bases 1-464 correspond to nucleotides 5116-5622 of the 16S rRNA 
sequence of Strongylocentrotus purpuratus (Jacobs et aL 1988). The underlined bases 
indicates the region to which the oligonucleotide probes were designed. The probe 
sequences correspond to bases 5427-5442 of Jacobs et al. (1988). Sequences have been 




P so lu s   A. ...GT.A.....T..................... ..
C h lr ld o ta   6. A........... T.A.AC............................
61 120 
Cucumaria GTAGCATAATCACTTGTCTCTTAAATGGGGACCTGTATGAATGGCAACACATTTTCTAAC 
Psolus *■••••••• tT •...............TC«••»•••••#• *7*
C h lr ld o ta  .......... T....C......A .................T........CT..
121 180 
Cucumaria TGTCTCCTTTCTTCCCCTTCTAAAXTTCTACTAAXGTGAAGAAGCATTAATAAAAAAGAA 
Psolus . C . T A . •C..•.«Ta. .0..............
C h ir id o ta  ...... C........ T___ C....A. ..C........ G..___TCTT....
181 240
Cucumaria AGACGAGAAGACCCTGTCGAGCTTCAACTTCCTAAA-GAACATAAGACCCTTTAAAAGAA
P so lu s  .................... . .A___-.....A.. .A.ACGT.AAA. . .TGTTC.C
C h lr ld o ta   .................. A.G.CCAAA. .GA.. .A.CT.A.TTT.C. .C.GA. .
241 Proba Saquancas 300
Cucumaria AATTCCCTCTTCAAAGAAGTTTTGGTTGGGGCAACCACGGACTAEAAGAAA-CCTCCAGA
Psolus . .AAAT.-...AT-................  AGAAACAAAAAXCCT...
C h lr ld o ta  . .A.AA.CTC.TTTTA.GC.. .-...... T....T. .AGTAAACTTAA-CCTC. . .T
301 *' 360
Cucumaria AAATTAACCCGATTTTTCATCACATAAGACAAACAAAAGAACCAGAACCCCTGGTAAACA 
P so lu s  . . CC. . .AAA.. • AA. AA.... TT • . 6T .....T... GATC. AGA. —TA. — • .A*—. •. . » 
C h lr ld o ta  TTT.A. .AAA. .AA.A.T.ATCTT.TTA.A.. .T.. .GA.C.AGA. .A.T C...
361 420
Cucumaria GAAAAAGTTACCGCAGGGATAACAGCGTAATCTCCTTTAAGAGTTCACATTGACAAGGAG
P so lu s  ..T.T...............  C..................... A
c h lr ld o ta  ............... G........ T....TT...G......T........AA. .
421 " 464
Cucumaria GATTGCGACCTCGATGTTGGATTGGGGCCACCTTAGGGTGCAGC 
P so lu s  ........... • — •.........A.....T..AA.T........
C h lr ld o ta  .................... A. ...T...AA...... A.
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 1.2. Autofluorograph of the dot-blot for a group of larvae exposed to each of 3 
oligonucleotide probes and detected with chemiluminescence. Exposure dots indicate a 
positive hybridization to that particular probe. Al-3 and El-3 contain the C. frondosa, P. 
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Table 1.1. Preservation procedure and rate of successful DNA amplification (%) for 
individual larvae collected in surface tows, along a  study transect, and after settlement 
onto subtidal mussel beds. Numbers in parentheses are the total DNA amplification 
attempts.
1993 Preserv. Procedure DNA amplif. Success rate
A. Surface tows
24 May frozen 96 (186)
4 June alcohol (70% EtOH) 77 (280)
B. Along study transect
30 April frozen 95 (85)
14 May frozen 96(66)
2 June frozen 93 (320)
4 June frozen 99 (276)
8 June frozen 100(81)
15 June frozen 95 (236)
25 June frozen 100 (88)
C. After settlement
16 June frozen 77 (405)
29 June frozen 100 (20)
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Table 1.2. Average percent sequence difference among samples for the 1-400 base-pair 
region of the 16S rRNA gene. Intraspecific variation ranged from 0-1.3% (C. frondosa, n 
= 20), 0-3.25% {P. fabricii, n = 9), and 0-1.5% (C. laevis, n = 20).
C. frondosa P. fabricii C. laevis
C. frondosa 0.4 17 23
P. fabricii - 1.25 22
C. laevis - - 0.2
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Figure 1.3. Species composition and abundance of holothurian larvae in surface tows 
along the western Gulf of Maine. The area o f the circle is proportional to the density of 
larvaem'3. + indicates that there were no larvae present at the station. * on (A) indicates 
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Table 1.3. Species-level identification of holothurian larvae collected in the western Gulf 
of Maine. (A) Surface tows, (B) Depth-stratified tows along study transect, and (C) 
Recent recruits to the mussel beds, np-larvae not present in the plankton.
1993 C. frondosa P. fabricii C. laevis Total
A. Surface tows
24 May 139 (75%) 8 (4%) 39 (21%) 186
4 June 168 (78%) 12 (5%) 35 (16%) 216
Total 307 (76%) 20 (5%) 79 (18%) 402
B. Along study transect
26 March np np np -
30 April 77 (95%) 3 (4%) 1 (1%) 81
14 May 27 (43%) 26 (41%) 11 (17%) 63
2 June 261 (88%) 7 (2%) 30 (10%) 298
4 June* 254 (93%) 6(2%) 13 (5%) 273
8 June 62 (77%) 0 (0%) 19 (23%) 81
15 June 213 (95%) 3(1%) 8 (4%) 224
25 June 85 (97%) 1 (1%) 2 (2%) 88
21 July np np np -
Total 979 (88 %) 46 (4%) 84(8%) 1,109
C. Recent recruits
16 June 295 (95%) 14 (4%) 3 (1%) 312
29 June 17 (85%) 2 (10%) 1(5%) 20
Total 312(94%) 16 (5%) 4 (1%) 332
Grand Total 1,598 (87%) 82 (4%) 167 (9%) 1.847
♦only station 4 along study transect was sampled.
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Figure 1.4. Species composition and abundance of holothurian larvae collected in depth- 
stratified plankton tows along a study transect extending 38 km offshore from 
Portsmouth, New Hampshire. The area of the circle is proportional to the density of 
larvaem'3. + indicates that no larvae were present in the tows. Bottom topography is 
indicated by the bold line above the date. PH-Portsmouth Harbor, NH. PH is the most 
inshore station, Station 6 is located farthest offshore. Station 2 is located 10 km offshore. 
Station 4 is 24 km offshore, and Station 6 is 38 km offshore. Sample dates are as follows: 
(A) 30 April 1993, (B) 14 May 1993, (C) 2 June 1993, (D) 8 June 1993, (E) 15 June 
1993, and (F) 25 June 1993. On 26 March 1993 and 21 July 1993 depth-stratified tows 
were taken but no larvae were present in the plankton. Station 6 was not sampled on 30 
April 1993 due to weather conditions.
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Figure 1.5. Average number of recruits collected at two sites at 10 and 20 m in a  subtidal 
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Table 1.4. Species composition of new recruits settled on mussels (40 per replicate) at 
two depths and two sites along the New Hampshire coast, collected on (A) 16 June 1993, 
n = 3 for Site 1 and n = 2 for Site 2 and (B) 29 June 1993, n = 2.
Location C. frondosa P. fabricii C. laevis Total
A. 16 June 1993
Site 1,10 m 48 (96%) 2(4%) 0(0%) 50
Site 1,20 m 35 (83%) 5 (12%) 2 (5%) 42
Total 83 (90%) 7 (8%) 2 (2%) 92
Site 2,10 m 133 (98%) 3(2%) 0 (0%) 136
Site 2,20 m 79 (94%) 4(5%) 1 (<1%) 84
Total 212 (96%) 7 (3%) 1 (1%) 220
Grand Total 295 (95%) 14(5%) 3 (<1%) 212
B. 29 June 1993
Site 1,10 m 5 (100%) 0 (0%) 0(0%) 5
Site 1,20 m 6 (75%) 1 (12.5%) 1 (12.5%) 8
Total 11 (85%) 1 (7.5%) 1 (7.5 %) 13
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Discussion
Need for Molecular Probes in Larval Ecology
The use of oligonucleotide probes to identify marine invertebrate larvae is now a 
feasible technique for the analysis of large numbers (thousands) of larvae. Although our 
data indicate that frozen samples yielded the best amplification, alcohol preserved larvae 
amplified 77% of the time. This percentage might be improved by increasing the purity of 
the alcohol (using 95% rather than 70%), by pre-soaking the larvae in TE buffer, or by 
drying the larvae prior to amplification (results not shown). Successful amplification of 
alcohol preserved larvae indicates that dot-blots could be applied to marine invertebrate 
larvae that are too small to be sorted live, such as mollusc and polychaete larvae. The use 
of nonisotopic detection, such as chemiluminescence, is a very promising modification of 
oligonucleotide probes because the hazards associated with radioactive compounds are 
eliminated. For a review of chemiluminescent techniques see Beck and Koster (1990). 
Furthermore, with chemiluminescence less time is required to detect hybridization, and 
many of the washes can be done at room temperature. Since the entire dot-blot procedure 
can be performed in a hybridization oven, it is now feasible for use in the field, such as 
onboard a research vessel. A future modification would be the use of in situ probes, as is 
currently feasible in single-cell organisms (DeLong et al. 1989).
In our investigation we encountered five embryos which we were able to identify 
as eggs of the starfish Solaster endica through the use of an established mtDNA sequence 
database. The establishment of sequence databases offers the potential to build libraries 
of species-specific probes, which could then aid in determining the biodiversity of the 
plankton. Furthermore, a database such as ours eliminate.*; the need for culturing embryos 
and larvae to a stage that allows for species-level recognition by the investigator. The
24
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ability to identify fertilized eggs to the species-level facilitates the tracking of cohorts at 
an earlier phase in the planktonic lifespan of an organism, which can provide clues as to 
larval origins. This technique is now ready to be applied to long-standing questions in 
larval ecology such a the identify of teleplanic invertebrate larvae collected in the open 
ocean (Scheltema and Rice 1990), and the dispersal of deep sea marine invertebrate 
larvae.
Patterns of Larval Abundance and Distribution
The horizontal distribution of larvae during the earlier pelagic phases can be 
indicative of parental distribution as well as suitable settlement sites (Young and Chia 
1987). In the present study, on the first cruise, the largest densities occur in the northern 
region of the study area. Furthermore, the abundance of larvae decreases with increasing 
distance from the coast. Although the horizontal distributions were determined after the 
larvae were present for some time in the plankton, given the direction of the coastal 
current and the planktonic duration of the larvae, the larvae were probably generated from 
the northerly population. The regional distribution changed over time; the center of mass 
of the larval patch underwent a southward movement and the larvae increased in 
abundance offshore, probably representative of advective and diffusive processes. 
Southward advection is further supported by the absence of C. laevis larvae in the 
southern regions on the first sampling date, but by the increase in density of C. laevis on 
the later date. There was a general decline in larval densitym'3 on the second date, 
probably due to settlement and planktonic mortality, which cannot be separated on the 
basis of our data.
The vertical distribution of larvae can illustrate the depth at which advective
25
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mechanisms will most likely influence larval dispersal. Fluctuations in the vertical 
distribution of larvae, over space or time, can be indicative of interspecific differences in 
larval behavior or illustrate intraspecific ontogenetic changes. Le Fdvre and Bourget 
(1991) examined the fine-scale vertical distribution of cirreped larvae and found that 
later-staged larvae were primarily found within the upper 10 cm layer of the water 
column, which they consider to be an efficient method of rapid dispersal. A similar 
conclusion was reached by Black et al. (1991), who modeled the dispersal of larvae 
around the Great Barrier Reef. They found that larval retention is influenced by position 
in the water, and that larvae found closer to the surface are more likely to have lower 
retention times than those larvae found deeper, where currents are slower. In the present 
study, holothurian larvae were most abundant in the wind-driven, upper 20 m of the water 
column. The distribution in the upper water column suggests that wind stress may 
account for the horozintal extent of the larvae. However, aside from C. frondosa being 
extremely abundant at all stations over all sampling dates, there were no strong changes 
in species composition over depth, station or time, indicating a lack of interspecific 
differences in behavior in the water column. The lack of behavioral differences among 
the three species is further supported by the species-composition of new recruits, which 
reflects that of the planktonic larvae.
In this study we were able to document the spatio-temporal distribution of three 
morphologically indistinguishable species of sea cucumber larvae along the northern 
coast of New England. In the case of P. fabricii, this illustrates that despite the presence 
of extensive populations along the coast of New Hampshire and Massachusetts, larval 
abundances rarely exceeded 0.1 larvaem*3 over the entire pelagic season. Interestingly, 
the larvae of C. laevis comprised as much as 20% of the larvae present in the northern
26
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coastal waters, yet the occurrence of C. laevis in the plankton has never been reported 
previous to this study. C. frondosa is the dominant holothurian species present in the 
plankton and as new recruits on the benthos. In an extensive follow-up survey, juveniles 
were noticeably absent from the benthos one year after recruitment (Erika Miles, pers. 
comm.), suggesting that post-settlement mortality is extremely high. Since C. frondosa 
does not persist in the southern areas, this translates into non-viable settlement
The costs of long-distance dispersal are a decreased ability to adapt to local 
conditions as well as movement away from areas amenable to adult survival. For some 
species, completion of the planktonic stage requires that the larvae encounter suitable 
substrate, and a variety of mechanisms exist to maximize encounter rates, such as 
behavioral responses to environmental conditions or the ability to delay metamorphosis 
(Pechenik 1990). However, for some taxa, including many species of echinoderms, 
morphological metamorphosis may occur in the absense of the typical ecological shift in 
habitat (Hendler 1975; Fenaux and Pedrotti 1988). Although this lifestyle may increase 
time spent in the plankton, swimming and behavioral capabilities may be compromised. 
Thus, settlement will occur in inappropriate areas. For example, Gage and Tyler (1981) 
reported a large recruitment event of upper bathyal brittle stars into the abyssal zone, 
which resulted in massive mortality. The present study suggests a similar occurrence of 
high post-settlement mortality as a result of coastal transport.
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CHAPTER n
IDENTIFICATION OF OPHIUROID POST-LARVAE USING MITOCHONDRIAL
DNA
Introduction
Identifying marine invertebrate larvae to the species-level has long been a 
problem in marine ecosystems because most invertebrate life histories include early 
stages that bear little morphological resemblence to the adult counterpart For 
echinoderms that metamorphose in the water column, such as ophiuroids, identifying 
post-larvae to the species level has particular importance with respect to the mechanisms 
controlling recruitment Several keys and guides for ophiuroid larval stages are available 
for particular geographical areas (eg. Mortensen 1927), but descriptions of post-larval 
stages are extremely rare (for an exception see Gage and Tyler 1981).
Ophiuroid larvae have been (mis)identified to species level based on the presence 
of adults in a particular area (refs, in Gage and Tyler 1981); this method is unreliable due 
to the dispersive capabilities of the larvae. Another approach, rearing the larvae in the 
laboratory to a recognizable stage, can be both laborious and costly. Furthermore, 
culturing can be painstakingly slow for organisms which do not grow rapidly, and can 
only be achieved under special conditions for some marine habitats, such as the deep sea 
(Young and Tyler 1993).
Despite the absence of adult features, early life stages sometimes possess distinct 
morphologies, which can be used as identifying characteristics, once an adult counterpart
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has been identified (Gage and Tyler 1981). It is also possible to use genetics to 
discriminate among different species of early life stages because every organism contains 
a unique sequence of DNA. With the advent of the polymerase chain reaction (PCR), 
molecular markers can now be used to identify individual larvae to the species level 
(Banks et al. 1993; Medeiros-Bergen et al. 1995; Olson et al. 1991), because PCR 
requires only minute amounts of tissue, can be used with organisms preserved in a variety 
of ways, and only requires hours to complete (Kocher et al. 1989).
The gene encoding for the large ribosomal subunit in the mitochondria (16S 
rRNA) is amenable for species-level identifications because it occurs in high copy 
number, and because it contains both highly conserved and hypervariable regions. The 
conserved regions allow the use of primers which amplify a wide variety of tax a, while 
the variable regions facilitate discrimination among species.
This study reports on the use of 16S mitochondrial sequence data and morphology 
to distinguish between the post-larval forms of Ophiopholis aculeata and Ophiura 
signata which are abundant in the coastal waters of the western Gulf of Maine. Post- 
larvae are grouped according to morphotype and individually sequenced to compare their 
DNA with that of adults.
Methods
In 1993 brittle star post-larvae were collected in the coastal waters of New 
Hampshire using a 333p. mesh plankton net towed behind the RV Gulf Challenger. All 
plankton samples were preserved in 95% alcohol. Post-larvae were observed with a 
dissecting microscope and sorted into groups based on similar morphological features. 
Representative samples of each morphotype underwent critical point drying and
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sputtercoating with gold palladium on a Hummer V sputtercoating system. Scanned 
images were obtained on an AMR 1000 electron microscope with a direct camera mount, 
using Polaroid 55 positive/negative film.
Adult ophiuroid tissue was obtained by collecting brittle stars in the field or by 
using alcohol preserved specimens obtained from invertebrate collections. Adult DNA 
was extracted by placing a 1 mm2 piece of gonadal tissue into 200 |il of a 5% Chelex 
solution and held at 96°C for 15 min. After vortexing for 30 s, the sample was 
centrifuged at 11,000 rpm for 2 min and the DNA-containing supernatant was removed.
For the adult tissue, a portion of the 16S rRNA gene was amplified by the 
polymerase chain reaction (PCR) using the universal primers 16Sa 5’- 
CGCCTGnTATCAAAAACAT-3' and 16Sb S'-CTCCGGTTTGAACTCAGATC-S' 
(Kessing et aL 1989). Amplifications followed the methods of Kocher et al. (1989). 
The thermal cycling consisted of a 30 s denaturation at 93°C, 1 min annealing at 50°C, 
and a 2 min extension at 72°C. The PCR product was resolved on a 1% Nusieve (FMC) 
agarose gel stained with ethidium bromide. DNA bands were cut from the gel and 
released with agarase (Sigma Chemical Co).
The PCR product was used as a template for dye-deoxy cycle sequencing using a 
commercial kit (ABI). The sample underwent 25 cycles of a 30 s denaturation at 96°C, 
15 s annealing at 50°C, and a 4 min extension at 60°C. Dyedeoxy-labelled terminators 
were removed using Sephadex beads (size 50) with a Centri-Sep column (Princeton 
Separations, Inc.). An ABI 373A DNA sequencer was used for automated sequencing.
Adult sequence data were compared in order to locate a short, variable region 
within the 16S rRNA gene. Next, 24 bp conserved internal primers identified using the 
computer program PrimeMate were synthesized (Operon): OphioA 5'-
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AATAAATAAGTGGGACGAGAAGAC-3' and OphioB 5 - 
GGATAACAGCGTAATTTTTTTTGA-3'. The internal primers amplified 180 bp.
For the post-larvae, no DNA extraction procedure was necessary. Alcohoi- 
pieserved individuals were placed in 0.5 microcentrifuge tubes and immersed in TE (pH 
8.0) for 15-30 min. Next, the TE was removed, and the PCR reagents were added 
direcdy to the viaL For each 50 pi reaction, lp l of a 10 pM stock of each internal primer 
was used. Post-larvae were ground at the bottom of the microcentrifuge tube with a 
plastic pipette tip melted to conform to the bottom of the vial. The thermal cycling and 
DNA recovery were performed according to the procedure described for the adult tissue. 
The cycle-sequencing reaction was also similar with the exception that the reactions were 
optimized by using 25-50% of the PCR product Post-larvae of each morphotype, derived 
from a variety of depths and sample dates, were sequenced.
Results
Ophiopholis aculeata and Ophiura signata 16S mitochondrial DNA sequences 
differed by approximately 45% along the segment amplified by the internal primers, and 
by 32% in the region amplified by the universal primers (Figure 2.1).
O. aculeata post-larvae possess a round central disc and short, blunt, non-tapered 
arms. Five multifed spines surround the central plate, and ten are present around the 
terminal plates (Figure 2 .2a). Rows of multifed spines are present around the arm 
shields and the lower arm spine is transformed into a hook with one thorn below a 
terminal claw (Figure 2 .2b). Post-larvae of O. signata have long, slender, tapered arms 
with several uniform, smooth spines present on each arm segment The pentagonal disc 
is free of spines (Figure 2. 3 a,b).
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Figure 2.1. Mitochondrial DNA sequence from the 16S rRNA gene of Ophiopholis 
aculeata and Ophiura signata (Genbank accession numbers U60198 and U60199, 
respectively). Underlined regions denoted Forward and Reverse Primers indicate 
positions of internal primers. Alignment of sequences from this study as well as 14 other 
echinoderm species was determined using the pairwise progressive sequence method of 
GCG PILEUP (Gapweight = 5.0, Gaplengthweight = 0.3).
1 50
0. a c u le a ta CTTCTGCCTGCCCAGTGACT-ATACGTTAAACGGCTGCAGTACTCTGACT 
O. s ig n a ta  G .C .........................G _____TCTT.TGA................................ G ...........................C
51 100
O. acul ea ta  GTGCAAAGGTAGCAAAATCAATTGTTCATTAATTGTGGACTGGTATCAAC 
O .signata  ....................................T  T . . . C C T G ............... CCA.G------- A -------AT
101 150
O. acul ea ta  GGCTAGACGACATGAAAGCTGTCTTTTTCTACTAAAACTGAATTTTACTT 
O .sign ata  ..........................AGAA. .T T ............... C. . .T .G T A .  .TTTA...............AGTA.
151 Forward primer 200
0 .  acul  e a  t a  TTAGGTGAAGAGGCCTAATTTATTGAGTGGGACGAGAAGACCCTATTGAG 
O .signata  . . T ...................AA. .A . . A . GTAAA............................................ ........................
201 250
O. a c u le a ta CTTTAACTGCTTGTT------------AATGCTTCTTAACAATTTAGTTTGGGTTG
O .sign ata  .............. T .C T.  .TC.TATTAT. .  AAA.T.GTCAAG.A. . .TA. . . .
251 300
O. a c u le a ta GGGCAACCGGTCTTAATTTTAAAACAAGACCATTTTATGTGTTGATTTGA 
O .sign ata  ..................TTA.T. .TTA. .A .G .C A .  . A . T A .  . .AC.AA.TA— T. .AA.
301 350
0 .  acul ea ta  TTCAATTGCGGACCCAAAAATTTTTGATCATTAGAAAAAGTTACCTTAG£ 
O. s ig n a ta  . A T . TAATT. A T. .AC. . T . G .  . G . . . . A . A A ..................................A. . .j_
351 Reverse primer 400
O. aculea ta  GATAACAGCGTAATTCTTTCAGAGAGTCCTTATTGACGAA-AGAGTTTGC 
0 . s ig n a ta     . . T . C . T T ...............A ......................- C . . G . A .................
401 450
0 .  acul  e a  t a  GACCTCGATGTTGGATCATAGTTTCCTAAGGGTGCAGCAGCTCTTGAGGG 
O .signata  ............................................... AGA.............. G .A ...................... C .T . T . C A .  . . .
451 471
O. aculea ta  TTGGTTTGTTCAACCATTAAA 
O .sign a ta  .A ................................. T A . . .  .
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Figure 2.2. Scanned image of Ophiopholis aculeata post-larvae from (a) aboral and (b)
oral views. Magnification = 100X.
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Figure 2.3. Scanned image of Ophiura signata post-larvae from (a) aboral and (b) oral
views. Magnification = 100X.
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Discussion
In the present study, we combined morphological and molecular data to determine 
the adult counterparts of two species of ophiuroid post-larvae present in the coastal 
waters of the western Gulf of Maine. Ophiopholis aculeata and Ophiura signata post­
larvae can be distinguished based on spine morphology, the presence of spines on the 
central disc, and the shape of the central disc and arms. O. aculeata and O. signata post­
larvae are present in the coastal waters during the spring and may exceed densities of 100 
indivm'3 (Table 1). Despite their planktonic abundance, the post-larvae have apparently 
never been identified before.
The majority of marine invertebrates produce planktonic larvae, yet few resources 
permitting their identification to the species-level are available. For many regions along 
the Atlantic coast of North America, life histories of even the most abundant invertebrates 
producing planktonic larvae remain unknown. For example, a summary of information 
available on common invertebrates of the Woods Hole, Massachusetts, USA region 
indicates that at least 68% have planktonic larvae which are presently undescribed 
(Scheltema 1984). Furthermore, Scheltema (1984) states "Many of the existing published 
descriptions of planktonic larvae are inadequate for their identification in samples taken 
from natural populations."
Early life history stages are thought to play an important role in the abundance and 
distribution of adults through differential survival over space and time (Ebert 1983; Sale 
1990). This hypothesis is difficult to evaluate for organisms in which these stages cannot 
be identified. In temperate seas early life stages may constitute a majority of the 
zooplankton biomass, yet their role in plankton community dynamics is largely unknown.
35
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Recent molecular techniques can be applied to species level identification of individuals 
in early developmental stages, thus permitting future assessment of the role of recruitment 
in the abundance and distribution of marine organisms.
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Table 2.1. Abundance of Ophiopholis aculeata and Ophiura signata post-larvae in the 
coastal waters of New Hampshire.
Date 0. aculeata (indivm'3) 0. signata (indivm’3)
30 April 0 0
14 May 0 52
02 June 1 123
08 June 0.6 13
25 June 11 0.5
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CHAPTER HI
RECRUITMENT IN THE HOLOTHURIAN CUCUMARIA FRONDOSA IN THE GULF
OF MAINE
Introduction
The majority of benthic marine invertebrates undergo a planktonic larval stage 
(Thorson 1950). During this dispersive stage, larvae are highly influenced by currents 
(Mileikovsky 1968) and thus are likely to be transported away from areas in which 
spawning took place (Sale 1990). In these species, variation in recruitment can result 
from larval availability and transport (Coe 1956; Shanks 1983; Cowen 1985; Russell and 
Ebert 1988; Farrell et al. 1991), settlement behavior (Morse and Morse 1984; Olson 
1985; Mullineaux and Butman 1991; Carlon and Olson 1993), and post-settlement 
mortality (Connell 1985). As a result, processes that influence the abundance and 
distribution of benthic marine invertebrates can occur at a variety of oceanographic scales 
and at every stage within the invertebrate life cycle.
Despite that recruitment processes are considered to play an important role in the 
dynamics of benthic populations (Ebert 1983), only a few studies regarding recruitment of 
holothurians in temperate waters have been undertaken. For example, in the Pacific 
northwest Young and Chia (1982) documented initial gregarious settlement followed by 
migration in recent recruits of Pso'lus chitonoides. Cameron and Fankboner (1989) found 
that recruitment of Parastichopus califomicus occurred in areas free of predatory sea 
stars. Along the eastern Atlantic coast, Buchanan (1967) documented episodic 
recruitment in Cucumaria elongata in which non-recruitment intervals exceeded 5 years,
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and Rutherford (1973) suggested that adult density of C. elongata may negatively impact 
recruitment In the northwestern Atlantic, Hamel and Desrosiers (1994) documented 
larval settlement and small-scale movement of Cucumaria frondosa recruits in the S t 
Lawrence Estuary, Canada; settlement occurred in gravel and rock crevices, and new 
recruits were likely to migrate into the shade if settlement occurred in lighted areas.
In the western Gulf of Maine, recruitment of Cucumaria frondosa to mussel beds 
is very high (Medeiros-Bergen et al. 1995). Mussel beds in the same region were shown 
to enhance survival of echinoids and ophiuroids by providing a spatial refuge against 
predation (Whitman 1981; Whitman 1984a). Juvenile C. frondosa were associated 
exclusively with mussel beds; habitats outside of the mussel beds were dominated by 
articulated coralline algae and kelp (Witman 1984b). Laboratory and field observations 
indicate that for other holothurian species, recruitment may be limited by predatory sea 
stars (Cameron and Fankboner 1989) and gammarid amphipods (Engstrom 1981) and that 
juveniles associated with red algae may have increased survivorship due to protection 
from visual predators (Cameron and Fankboner 1989). Further, starfish predation may be 
an important factor structuring subtidal holothurian communities in the Pacific northwest 
(Engstrom 1988). Thus, for some holothurians, survival of recruits and juveniles may 
largely depend upon their habitat use and the associated levels of predation
In the present paper we examine the temporal pattern of sea cucumber recruitment 
and juvenile abundance during a single recruitment season among three different shallow- 
water habitats: mussel beds, articulated coralline algae and kelp holdfasts. The null 
hypothesis is that over time, recruitment and juvenile abundance does not differ with 
respect to habitat. We also investigate differences in recruitment and juvenile abundance 
among habitats over a small time scale. Finally, potential predators on the new recruits
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and predator abundance with respect to habitat are examined.
Methods
Study Species and Site
The dendrochirote holothurian Cucumaria frondosa is a prominent member of 
benthic communities along the northern New England coast (Klugh 1923; L. Harris pers. 
comm.) and may attain a benthic biomass of 15kg/m2 (20 indiv/m2) (Hamel and 
Desrosiers 1994; Hamel and Merrier 1995). Although present in both shallow and deeper 
waters, the greatest densities of adults occur at depths less than 30 m (Jordan 1972). In 
the Gulf of Maine, C. frondosa spawns during April and May (Jordan 1972; Lacalli 
1981). At a particular location spawning may be highly synchronized; in the Gulf of St. 
Lawrence, 80% of surveyed individuals spawned within a one-week period (Hamel and 
Merrier 1995). The eggs develop directly into pentacula larvae about 9 days after 
fertilization, and settlement takes place approximately 6 weeks later (Hamel and 
Desrosiers 1994). In the western Gulf of Maine, the pelagic season typically extends 
from late April to June, and recruitment primarily takes place from late May through early 
July (Medeiros-Bergen et al. 1995).
In the northern Atlantic, at least three other holothurian species spawn in the 
spring producing morphologically similar larvae (Jordan 1972; Medeiros-Bergen et al. 
1995; Runnstrom and RunnstrOm 1919; Thorson 1946); however, in the western Gulf of 
Maine, the majority of sea cucumber larvae (>88%) and recruits (>94%) were genetically 
identified as Cucumaria frondosa (Medeiros-Bergen et aL 1995). Thus, for the present 
study, new recruits are regarded as C. frondosa. All substrate collections took place in 
the western Gulf of Maine.
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Substrate Collections (1993)
In 1993, recruitment to mussel beds was examined by collecting at least 70 
mussels CModiolus modiolus) at 7.5-12.5 m, using SCUBA, on June 10, June 16, June 29 
and July 13. Mussels were transported to the surface in bags, and new recruits were 
immediately removed and enumerated. Since the size of mussels was not measured, the 
number of recruits/mussel was converted to the number of recruits/m2, by using the 
average surface area of the mussels collected in 1995. The specific procedure is 
described in the section on surface area determination. On June 16, lengths of recruits 
and juveniles were measured using a dissecting microscope equipped with an ocular 
micrometer.
Substrate Collections (1994)
In 1994, the presence of recruits and juveniles was compared among three 
substrates. During October, 50,38 and 25 replicates of the three substrates (coralline 
algae, Corallina officinalis; kelp holdfasts, Laminaria sacharina; and mussel aggregates, 
Modiolus modiolus) (Gosner 1978) were collected on weekly SCUBA dives. All bottom 
sampling took place depths between 7.5 and 12.5 m. Samples were placed in individual 
bags. At the lab, a 6% solution of MgCh was used to relax organisms in the samples; all 
sea cucumber recruits and juveniles were removed and enumerated. Juvenile lengths 
were measured using a dissecting microscope equipped with an ocular micrometer.
Substrate Collections (1995")
During 1995, sea cucumber recruitment to articulated coralline algae (C.
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officinalis), kelp holdfasts (L. sacharina) and mussels (Af. modiolus) was measured 
during weekly SCUBA dives from April 17 through July 11. Each week, ten haphazard 
samples of each substrate were collected, placed in plastic bags underwater, and 
immediately transported to the University of New Hampshire Coastal Marine Lab, 
located in New Castle, New Hampshire, USA. All benthic sampling took place at depths 
from 7.5 to 12.5 m. Due to logistical constraints early in the season, individual mussels 
were collected from April 17-June 13. Subsequent samples, from June 20- July 11, were 
taken from a large mussel bed. For all statistical comparisons, samples from individual 
mussels and from mussel beds are considered separately.
At the laboratory, each sample was placed in a 6% MgCl2 solution and carefully 
inspected for newly settled sea cucumber recruits and juveniles, and potential predators 
(juvenile starfish, Asterias vulgaris; amphipod, sp. unknown; caprellid shrimp, Caprella 
sp.; and a nereid worm, Nereis sp.)(Gosner 1978). Potential predators were preserved in 
alcohol for gut content analysis. Starfish were examined by removing the aboral body 
surface and removing the gut with forceps. Amphipod and caprellid guts were examined 
by removing appendages and teasing apart the exoskeleton. The guts of the worms were 
examined for new recruits by removing the most anterior and posterior regions of the 
worm, making a longitudinal incision along the ventral surface, and easing out the tubular 
gut with a pair of fine forceps. All observations were made with a dissecting microscope.
To provide a more powerful comparison of differential abundance with respect to 
substrate for recruits and juveniles, an intensive two-day experiment was conducted. 
During June 6-7, 50,49 and 22 replicates of each substrate type (coralline algae, C. 
officinalis; kelp holdfasts, L. sacharina; and mussels, M. modiolus), respectively, were 
collected. Samples were processed as described above.
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Surface Area Determinations
Coralline algal clump and kelp holdfast sizes were determined by measuring the 
displacement volume of each sample. In the case of the mussels, the surface area of one 
valve was estimated as the product of the length and width (measured with calipers). The 
product of the length and width was doubled to obtain the total surface area. The surface 
area of each sample was estimated in order to standardize the number of recruits found on 
a particular type of substrate to a measure of recruits/m2.
Displacement volume of the coralline algae was related to surface area by 
breaking off individual branches at bifurcating points and placing the simple algal 
branches side by side on a piece of tape. The surface area of the tape was measured, 
multiplied by two (to account for the side of the branch not in contact with the tape), and 
regressed on displacement volume of the sample. Inherent in this methodology is the 
assumption that coralline algal branches are flat Though often true, this is not always the 
case and in this regard, surface area may be slightly underestimated.
To determine surface area of the kelp holdfasts, individual haptera were cut at 
bifurcating points, reducing a complex holdfast to a pile of simple cylinders. The 
cylinders (haptera pieces) were weighed on an analytical balance. Next, each cylinder 
was wrapped in tape for which a weight-per-unit-surface-area had previously been 
determined. The sample was reweighed, and the difference represented the weight of the 
tape added, which was then converted into a surface area. Surface area was regressed on 
displacement volume.
For the mussels, an individual valve was weighed. Then the outer surface of the 
valve was covered with tape for which a weight-per-unit-surface-area had previously been
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determined. The valve was reweighed, and the difference represented the amount of tape 
used to cover the valve. The difference was doubled to account for the other valve. This 
was converted to surface area and regressed on the doubled product of the length and 
width. This technique assumes that the two valves of a bivalve arc equal in surface area. 
Based on visual inspection of the mussels, deviations from this assumption arc probably 
small.
Statistical Comparisons
For dates in the seasonal study conducted in 1995 during which mussel beds were 
sampled, the number of recruits/m2 and the number of nereid worms/m2 were statistically 
compared among the three substrates (coralline algae, kelp holdfasts, mussel beds) using 
a two-factor ANOVA for equal replication (Zar 1984). Overall, each treatment level for 
each factor contained 10 replicates.
For dates in the 1995 seasonal study on which individual mussels were collected, 
the number of recruits/m2 were statistically compared among the three substrates from the 
time that recruitment began until mussel beds were sampled. Due to skew, data were 
square root transformed according to the formula of Bartlett (1936). Excess data in some 
cells rendered the treatment replication unequal. To achieve equality of replication, in 
several cells data were deleted at random (Zar 1984). In one instance, a cell was deficient 
one datum, so the missing datum was estimated according to the method of Shearer 
(1973). Overall, each treatment level of each factor had 8 replicates for the analysis of 
variance. The number of juveniles/m2 from both time periods were statistically compared 
as described above.
For the two-day intensive study conducted in 1995, the mean number of
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recruits/m2 and juveniles/m2 were statistically compared among the three substrates using 
single factor ANOVA's. Data were square root transformed as described above. Multiple 
contrasts were done with Tukey's test for unequal sample sizes (Zar 1984).
Results
1993
The mean number of recruits/m2, presented in Table 3.1, are based on the 
average surface area of mussels collected in 1995 (x = 96 cm2, SE = 3.9, n = 125). In 
1993, recruitment began prior to June 10 and was very high during mid-June (ie. 337 
recruits/m2). By July 13, recruitment was greatly reduced. This pattern corresponds with 
larval availability for the region, in that C. frondosa larvae were very abundant during 
June, but were not present by late July (Medeiros-Bergen et al. 1995) or during the fall 
(Medeiros-Bergen unpubl. data). The mean length of juveniles present in the field was
4.05 mm (SE = 0.58, n = 18), and lengths ranged from 1.3 to 10.8 mm; the mean lengths 
of new recruits, 1.01 mm (SE = 0.02, n = 24) showed much less dispersion (Figure 3.1a). 
Thus the new recruits probably arose from a single cohort while the juveniles represent at 
least two cohorts.
1994
During October no recruits were found in any of the substrates sampled. Of the 
31 juveniles present in the samples, 90%, 7% and 3% were found in the coralline algae, 
mussel aggregates and kelp holdfasts, respectively. The mean length of juveniles = 2.0 
mm (SE = 0.11, n = 28) and the lengths ranged from 1.04 to 3.78 mm (Figure 3.1b). The 
mean size and variance among juveniles is lower than those collected in June, 1993.
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Juveniles probably represent a single year class.
1995
Displacement volume was only a fair predictor of coralline algae surface area 
(Figure 3 .2a, R2=0.603). In contrast, displacement volume and 2 X Length X Width 
were both good predictors of surface area of kelp holdfasts (Figure 3.2b, R2=0.923) and 
mussels (Figure 3.2c, R2=0.890).
Among the coralline algal clumps, recruitment began toward the end of May and 
continued through the sampling period (Figure 3.3a). After recruitment began, the mean 
number of recruits/m2 = 67.3 (SE = 16.0). Among the kelp holdfasts, recruits were 
present one week earlier and persisted throughout the sampling period (Figure 3.3b). 
Mean number of recruits/m2 for the kelp holdfasts = 16.7 (SE = 3.3). Recruitment to 
individual mussels was very low (Figure 3.3c). The first recruit appeared on May 2, and 
the mean number of recruits/m2 = 13.3 (SE = 4.4). Within the mussel bed, the average 
number of recruits/m2 = 344.6 (SE = 78.8) (Figure 3.3c). Over the last four sample dates, 
recruitment was significantly higher (p<.005) in the mussel beds than in coralline algae or 
in kelp holdfasts, but there was no significant difference with respect to time (Table 3.2a). 
Over the dates on which individual mussels were sampled, recruitment significantly 
increased through time (0.002>p>0.001), however there was no significant difference in 
recruitment among substrates (Table 3.3a).
Juveniles were less abundant than recruits in the weekly samples (Figure 3.4a-c). 
Of the 28 juveniles that were present, 45% were found in coralline algae, 35% in kelp 
holdfasts and 20% were found in mussels. Of the 20% found in the mussels, less than 
3% originated from the individual mussels, and more than 17% were collected in the
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mussel bed samples. The mean number of juveniles/m2 for coralline algae, kelp 
holdfasts, individual mussels and mussel beds were 18.72 (SE = 8.07), 4.02 (SE = 1.47),
1.45 (SE = 1.45) and 10.95 (SE = 6.32), respectively. There were no significant 
differences in the mean number of juveniles/m2 among the substrates (Table 3.2b, 3.3b). 
However, when individual mussels were sampled, there was a significant difference 
among juveniles with respect to time and a significant interaction term (Table 3.3b).
Gut content analysis indicated that among all potential predators surveyed, nereid 
worms were the only organisms that contained sea cucumber recruits in their guts.
Worms ranged in length from 1.0-6.5 cm. Only worms larger than 3.0 cm contained sea 
cucumber recruits. However, most worms contained bivalve larvae and fragments of kelp, 
Polysiphonia sp., Ulva lactuca and Ceramium sp. (Gosner 1978). For some worms, gut 
contents were too digested to distinguish individual food items. Nereid worms were 
present in all substrates sampled, being most abundant in the coralline algae and least 
abundant in the mussels (Figure 3.5, a-c). However, the mean numbers of worms found 
in the three substrates for the last four sample dates were not significantly different (Table 
3.4).
Recruitment among substrates during June 6-7 coincides with the seasonal trend. 
The mean number of recruits/m2 was significantly greater in mussel beds than in coralline 
algae or kelp holdfasts (Figure 3.6a, Table 3.5a). Furthermore, the mean number of 
recruits present in the mussel bed is eight times greater than the number of recruits 
present on individual mussels collected on the same date. However, juvenile abundance 
did not coincide with the seasonal trend. Of the 15 juveniles present, 67% were found in 
the mussel bed, 27% in the kelp holdfasts and only 6% in the coralline algae. On a unit 
area basis, the mean number of juveniles/m2 was significantly greater in the mussel beds
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than in coralline algae (Figure 3.6b, Table 3.5b). This has not been previously 
documented for any holothurian species, but has been found for other taxa residing 
mussel beds in the north Atlantic.
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Table 3.1. Average number of sea cucumber recruits present in mussel beds during 
1993.
Date Mean no. 
recruits/m2
SE N Range  ^
recruits/m"
June 10,1993 35.4 7.81 70 0-313
June 16, 1993 337.5 35.5 73 0-1458
June 29,1993 6.2 2.9 77 0-104
July 13,1993 2.1 1.6 87 0-104
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Figure 3.1. Size frequency histogram of sea cucumber new recruits (black) and 
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Figure 3.2. Relationship between surface area and (A) displacement volume of coralline 
algal clumps, SA = DV*6.07+28.46, (B) displacement volume of kelp holdfasts, SA = 
DV*9.75-11.88, and (C) Length * Width*2 of mussels, SA = LW2* 1.02+11.41. SA = 
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Figure 3.3. Mean number of sea cucumber recruits over time (± 1 SE) for (A) coralline
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Table 3.2. Summary ANOVA table of the number of sea cucumber (A) recruits and (B)
juveniles among each habitat over time when mussel beds were sampled during 1995.
Juvenile data were square root transformed prior to analysis.
(A)
Source df F-Ratio p-value
Substrate 2 6.71 0.002<p<0.005
Time 3 0.44 >0.05
S X T 6 0.16 >0.05
Error 108
(B)
Source df F-Ratio p-value
Substrate 2 0.72 0.2<p<0.5
Time 3 0.19 >0.05
S X T 6 1.35 >0.2
Error 108
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Table 3.3. Summary ANOVA table of the number of sea cucumber (A) recruits and (B)
juveniles among each habitat over time when individual mussels were sampled during
1995. Data were square root transformed prior to analysis.
(A)
Source df F-Ratio p-value
Substrate 2 2.5 0.1<p<0.2
Time 6 4.11 0.001<p<0.002
S X T 12 0.31 >0.05
Error 147
(B)
Source df F-Ratio p-value
Substrate 2 3.53 0.05<p<0.1
Time 8 2.48 0.02<p<0.05
S X T 16 6.0 <.0.001
Error 231
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Figure 3.4. Mean number of juvenile sea cucumbers over time (± 1 SE) for (A)
coralline algal clumps, (B) kelp holdfasts and (C) mussels. * indicates mussels sampled
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Figure 3.5. Mean number of nereid worms over time (± 1 SE) for (A) coralline algal
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Table 3.4. Summary ANOVA for the mean number of nereid worms present among the 
three substrates for the four dates when mussel beds were sampled during 1995.
Source df F-Ratio p-value
Substrate 2 2.8 0.1<p<0.2
Time 3 1.6 0.2<p<0.5
S X T 6 1.5 0.2<p<0.5
Error 108
57
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 3.6. The backtransformed 95% confidence intervals about the mean number of sea 
cucumber (A) recruits and (B) juveniles present among the three substrates during June 6- 
7,1995. Note log-scale on the y-axis in A. M = mussel beds, C = coralline algae, K = 
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Table 3.5. Summary ANOVA for the mean number of sea cucumber (A) recruits and (B)
juveniles present among the three substrates sampled in the two-day intensive study.
Data were square root transformed prior to analysis.
(A)
Source df F-Ratio p-value
Substrate 2 81.2 p<0.001
Error 118
(B)
Source df F-Ratio p-value
Substrate 2 4.7 0.02<p<0.05
Error 118
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Discussion
In the western Gulf of Maine, recruitment of Cucumariafrondosa is seasonal, 
with the majority of recruitment taking place during June. During 1993, recruitment to 
mussel beds was more than two orders of magnitude greater during mid-June than during 
mid-July. During October of 1994, new recruits were completely absent from all habitats 
examined. During 1995 recruitment did not occur in April, was very low in early May, 
and increased during late May and early June; recruitment generally declined by mid-July. 
These patterns correlate well with the presence of larvae in the water column in the 
western Gulf of Maine. In 1993,1994 and 1995 larvae were not present during March or 
July, were present during the latter part of April, but were most abundant during May and 
June (Medeiros-Bergen et al. 1995 and unpubl. data). Although recruitment data are 
unavailable for the month of August, based on larval availability and the timing of 
recruitment as discussed above, recruitment is probably severely reduced.
Recruitment of C. frondosa to the benthos differed with respect to substrate and 
time. In 1995 during May and early June, recruitment significantly increased over time, 
but recruitment was not significantly different among substrates (Table 3.3). The lack of 
significant differences among substrates during the first part of the recruitment season can 
probably be attributed to the low level of recruitment that was taking place, and perhaps 
due to the fact that only individual mussels were sampled. The latter is supported by the 
two-day intensive study in which recruitment to mussel beds was highly significant in 
comparison to the other substrates (Table 3.5). During the latter part of the sampling 
period, significantly greater recruitment took place into mussel beds than to coralline 
algae or kelp holdfasts, but differences were not significant over time (Table 3.2). The 
lack of significance over time for the latter part of the season is probably due to the short
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time frame over which the analysis was done. It is also likely that recruitment to mussel 
beds is greater than recruitment to individual mussels, supported by the fact that during 
June 6-7, recruitment to mussel beds was eight times greater than recruitment to 
individual mussels a the same time.
Juvenile abundance among the three substrates differed between June and 
October. During October of 1994, juveniles were most abundant in coralline algae and 
were least abundant in mussel beds, whereas during June of 1995 juveniles were 
significantly more abundant in mussel beds relative to coralline algae and kelp holdfasts. 
Thus, recruitment and juvenile abundance was greatest in the mussel beds in June, but 
juvenile abundance was greatest in coralline algae in October. This pattern could be 
explained by the active migration of juveniles into coralline algae sometime during the 
late summer or early fall. Post-settlement migration has been documented in 
holothurians. For example, juveniles of Psolus chitonoides were shown to migrate 
toward shaded habitats after gregarious settlement by the larvae (Young and Chia 1982). 
In addition, migration by Cucumaria frondosa juveniles has been documented in the St. 
Lawrence Estuary (Hamel and Desrosiers 1994).
The size distributions of new recruits present during June, 1993 are indicative of a 
single settlement event, due to the low variability associated with the mean recruit length. 
Size distributions of juveniles collected during the same time period show a much higher 
degree of variation. It is likely that juveniles < 2.5 mm originated from the 1993 
recruitment season, as they are very close in size to the new recruits, while individuals >
3.5 mm probably originated from the 1992 recruitment season. Juvenile lengths from 
October 1994 show little variation, and probably arose from the previous spring (1994) 
recruitment event These inferences are supported by size vs. age estimates provided by
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Hamel and Desrosiers (1994), which indicate that C. frondosa individuals 2.8 mm in 
length are 4-5 months old while individuals 34 mm in length are two years old. Since 
spawning does not take place until April or May in the Gulf of Maine, the smallest 
juveniles present in June 1993 could not be 4-5 months old, but must be 1-2 months old 
(0+ year class). The largest juvenile present in June 1993,10.78 mm, is less than two 
years old and thus may have originated from recruitment which occurred the previous 
June (1+ year class). The large degree of variation in the 1+ year class may reflect 
interseasonal variation in growth rates. The juveniles present in October 1994 are 
probably 4-5 months old, given the occurrence of a recruitment episode the previous 
May-June of 1994 (0+ year class). Assuming that the size of the 0+ year class present in 
June does not differ from year to year, juveniles present in October may be only slightly 
larger than those present the previous June due to a reduced growth rate in the fall, as has 
been shown for other species (Cameron and Fankboner 1989).
The distribution of recruits and juveniles observed in the field can be considered 
in light of differences in predation among habitats. The capability of different habitats to 
serve as refuges is related to resistance from disturbance and persistence. For example, 
Witman (1981; 1984a; 1984b) found that echinoids and ophiuroids associated with 
subtidal mussel beds in the western Gulf of Maine had increased survivorship and higher 
population densities relative to organisms located outside the mussel beds. He surmised 
that the structural complexity of the mussel beds provided a spatial refuge, thereby 
allowing the organisms within the mussels to escape predation. Sebens (1981) described 
a similar situation in the Pacific northwest in which mussel beds served as a nursery for 
juvenile sea anemones.
Thus one could rank the substrates in the present study based on the capability to
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afford protection from predation as follows: mussel beds > coralline algae, kelp holdfasts 
> individual mussels. Seasonal recruitment patterns of C.frondosa conform to this 
hierarchy in that mussel beds contained the greatest number of recruits, individual 
mussels experienced consistently low recruitment, and coralline algae and kelp holdfasts 
ranked in the middle. The pattern of seasonal abundance of juveniles is less clear. 
Juveniles seem to be most abundant in coralline algae, least abundant on individual 
mussels, with kelp holdfasts and mussel beds falling in the middle, but these trends were 
not significant The two-day intensive field study of new recruits supports the hierarchy 
of habitats, but again the abundance of juveniles is not as clear cu t because the 
abundance of juveniles present in mussel beds is significantly greater than the number in 
coralline algae yet does not differ from the abundance in kelp holdfasts. Thus, the refuge 
hierarchy explains the distribution of recruits in the field, but serves only as a partial 
explanation for the distribution of juveniles.
Temporal stability can also influence the distribution of recruits and juveniles in 
the field. In the western Gulf of Maine, shallow mussel beds are likely to persist longer 
than 5 years, and deeper beds (> 20 m) may persist for decades (Witman 1984b), whereas 
shallow kelp communities are nearly devastated each fall due to storm disturbance 
(Witman 1987), and articulated coralline algal mats are often completely grazed away by 
sea urchins (Witman 1984b). Thus, a persistence hierarchy would rank mussel beds 
higher than kelp holdfasts or coralline algae because they are more resistant to biotic and 
abiotic disturbances.
Habitat availability may determine the relative importance of biological refuges to 
recruitment and juvenile distribution in the field. For example, if the habitat that offers 
the highest survivorship is also the most common, the presence of this habitat will have a
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greater influence on Geld distributions of the early life stages than if that same habitat is 
extremely rare. Information regarding the relative abundances of kelp, coralline algae and 
mussel beds along the Maine-New Hampshire coast is sparse. In one study, benthic 
sampling with random quadrats indicated that percentage cover of kelps (Laminaria 
sacharina, L  digitata, andAgarum cribrosum) = 30.9%, while percentage cover of 
articulated coralline algae < 10% (Levin 1991). Although in that study mussel beds were 
not sampled, it seems unlikely that any of the three habitats examined in the present study 
(mussel beds, coralline algae and kelp holdfasts) would be regarded as rare. Thus, among 
the three habitats, differences in habitat availability are probably not important
Although nereid worms are likely to prey on new recruits, worm densities were 
not significantly greater in any particular substrate. This may be due to the fact that total 
numbers of worms were counted, yet only worms larger than 3.0 cm contained recruits in 
their guts. Thus the total worm densities probably do not reflect the density of worms 
that are likely to prey on the sea cucumber recruits. Given the diminutive size of 
juveniles and new recruits of many invertebrate species, it is not surprising that small 
predators can strongly impact early survival (Keesing and Halford 1992; Osman et al. 
1992), but with the exception of Engstrom (1981) few studies have demonstrated this for 
early life stages of holothurians. Large predators also prey on early life stages. For 
example, Cameron and Fankboner (1989) found that juvenile Parastichopus califomicus 
were highly susceptible to predation by adult Solaster dawsoni. They concluded that the 
juveniles were likely to suffer very high mortality until a size refuge (2+ years of age) 
could be reached. In the western Gulf of Maine, there exists a guild of larger predators 
that may exert pressure on recruit and juvenile abundances including starfish ( Asterias 
vulgaris; Jordan 1972), crabs, lobsters, whelks, winter flounder, cunner (iCancer borealis,
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C. irroratus, Homarus americanus, Buccinum undatum, Pseudopleuronectes americanus, 
Tautogolabrus adspersus; Whitman 1984b) and the sculpin (Myoxocephalus aeneus; 
Levin 1991). These species need to be investigated in the future.
The importance of the early life stages as they affect the population abundances 
and distributions of benthic marine invertebrates is a topic that is currently under much 
debate. In the case of Cucumariafrondosa, larval supply and settlement does not explain 
the lack of adults along the Maine-New Hampshire border, implying that survival of 
recent recruits and juveniles may be the limiting factor. The data in the present study 
show differential recruitment with respect to habitat and that differential survival of the 
early life stages may be related to predation and habitat complexity. Experimental 
analyses are critical to determine the causes and magnitudes of mortality among different 
substrates.
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CHAPTER IV
DISTRIBUTION OF CUCUMARIA FRONDOSA LARVAE IN THE WESTERN GULF 
OF MAINE IN RELATION TO PHYSICAL FACTORS
Introduction
For marine invertebrates in which planktonic larval and benthic adult life-history 
stages are decoupled with respect to habitat, understanding factors affecting larval 
abundance and distribution, such as behavior, physical transport and sources of mortality, 
may help to elucidate processes which influence recruitment and thus adult distributions 
(Thorson 1950; Miliekovsky 1973). The larval stage may play an important role in 
dispersal through range expansion of adults (Scheltema 1971) or by the maintenance of 
genetic continuity among geographically separate populations (Hedgecock 1986). Larvae 
also represent a reproductive loss to the parent population when transported away from 
suitable settlement sites by prevailing currents (Gage and Tyler 1981; Johnson et al.
1986), and therefore can be a large source of recruitment variation in adult populations. 
Thus, understanding the physical processes responsible for larval transport will ultimately 
lead to enhanced understanding of recruitment variation.
Oceanographic features shown to directly influence invertebrate larval transport 
on the west coast are internal waves and slicks (Shanks 1986; Shanks 1987), tidal bores 
(Pineda 1991) and flow associated with upwelling fronts induced by alongshore wind 
stresses (Johnson et al. 1986; Roughgarden et al. 1991; Farrell et al. 1991; Wing et al.
1995). There are fewer studies on invertebrate larval transport in the northwestern 
Atlantic, and none for holothurian larvae.
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The dendrochirote holothurian Cucumariafrondosa (hereafter, Cucumaria) is a 
common inhabitant of nearshore, shallow-water communities in the eastern United States 
along the Maine coast northward to the Arctic. Cucumaria spawns in the spring (Jordan 
1972), probably in response to the phytoplankton bloom (Hamel and Mercier 1995), as 
has been suggested for other holothurians (Parastichopus califomicus, Cameron and 
Fankboner 1986; Psolus fabricii, Hamel et al.1993) and an echinoid (Strongylocentrotus 
drobachiensis, Starr et al. 1990). This association between spawning and the spring 
phytoplankton bloom is hypothesized to be a mechanism for increasing dispersal (Starr et 
al. 1990). Males and females synchronously shed gametes directly into the water column 
where external fertilization takes place. The buoyant larvae are lecithotrophic, and remain 
pelagic for approximately seven weeks before settling onto the benthos (Hamel and 
Mercier, 1996). Adult populations are very dense along the eastern and western coast of 
Maine as far south as the Portland area (L. Harris, personal communication). Adult 
Cucumaria are not abundant south of Portland, and are rare along the coast of New 
Hampshire and Massachusetts. Yet, during the spring, larval densities in the coastal 
waters of New Hampshire can be as high as 100 larvae m'3. It is likely that these 
Cucumaria larvae are not produced locally, but originate from the north (Medeiros- 
Bergen et aL 1995).
In a recent study on Cucumaria larvae from the Gulf of St. Lawrence, Hamel and 
Mercier (1996) found that the larvae developed faster and suffered less mortality at a 
salinity of 26 PSU and temperature of <15 °C. They suggested that Cucumaria may be 
adapted to estuarine conditions. If this is the case, field distributions of larvae may track 
the temperature and salinity that confers the greatest survivaL Furthermore, since the 
largest adult populations of Cucumaria occur at the mouths of estuaries, planktonic
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larvae may possess some mechanism to return to shore after being transported offshore.
The overall question addressed in this study is to what extent does the local 
physical oceanography of the GOM predict planktonic larval distributions? The 
hypothesis tested is that larvae are passively transported by the flow. The alternative 
hypothesis is that larval behavior significantly determines larval distributions.
Presumably such behaviors would confer a biological advantage, and thus a higher 
fitness, to the organisms, for example, by transporting older, competent larvae to suitable 
adult habitat Addressing the overall research question requires 1) knowledge of relevant 
physical (e.g., specific gravity) and biological (e.g„ active swimming) characteristics of 
the larvae, 2) sufficient knowledge of the physical oceanography of the GOM over time 
and space scales relevant to larval transport, 3) adequate resolution of larval distributions 
relative to the physics.
The present study documented the spatial distribution of Cucumaria larvae, at two 
scales, over their spawning season during 1993,1994 and 1995 in the western Gulf of 
Maine relative to hydrographic and wind data collected simultaneously. In addition, the 
specific gravity of live larvae collected from the field was measured and compared with 
the density of ambient sea water. Larval distributions relative to hydrography and winds 
were evaluated on both a regional (100's of kilometers in the alongshore direction, and 
10's of kms offshore) and a local (a single transect at Portsmouth, NH, extending 38 kms 
offshore) scale. The larval/physical data were evaluated to determine if 1) larvae track 
with particular water masses (characterized by temperature, salinity or density), 2) clines 
or fronts may serve as barriers to larval movement, 3) upwelling-favorable winds tend to 
transport larvae offshore within the surface mixed layer while downwelling-favorable 
winds tend to transport them onshore. In addition, the regional data were used to
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determine the probable source population^) of larvae collected along the Portsmouth 
transect
For the purposes of this paper, it is necessary to distinguish among larvae, recruits 
and juveniles. Larvae are considered to be all individuals present in the plankton, and for 
Cucumaria this includes developmental stage from fertilized eggs through 
metamorphosed individuals possessing branched tentacles (pentacula). Recruits refer to 
individuals present on the benthos, 1-2 mm in length, that still have orange/red coloration 
and that lack obvious calcareous ossicles. Juveniles refer to individuals present on the 
benthos that are greater than 2 mm (and presumably older) (Medeiros-Bergen and Miles
1996), which possess obvious calcareous ossicles and have lost orange/red coloration.
Physical Setting
The Gulf of Maine (hereafter, GOM) is a highly productive, semi-enclosed basin, 
linked to the Atlantic through the inflow of deep slope water through the Northeast 
Channel (Figure 4.1). The general circulation of the GOM has been characterized as a 
large, cyclonic gyre which is accentuated in the spring and summer (Bigelow 1927). 
Buoyancy differences between fresher, nearshore water of Scotian Shelf and local river 
origin and the denser slope water in Jordan Basin have been associated with a current that 
moves along the coast from east to west (Brooks 1985; Brooks 1992). At Penobscott 
Bay, some portion of the coastal current is deflected offshore and circulates in a cyclonic 
gyre
over Jordan Basin; the position of this deflection may be controlled by the amount of 
slope water that enters Jordan Basin (Brooks and Townsend 1989). The remainder of the 
current continues past Penobscott Bay and turns anticyclonically between Jordan and
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Wilkinson Basin and then continues along the coast of the western GOM.
In the western GOM during the spring, local physical forcings, including estuarine 
discharge and wind stress, can control the distribution and movement of planktonic 
organisms along the coast (Graham 1970; Franks and Anderson 1992). Density 
differences between fresher, coastal water and saltier, offshore water are associated with a 
baroclinic component to coastal circulation. Southwestward (downwelling favorable) 
winds can compress the river discharge against the coast and enhance the buoyant 
estuarine outflow and thus increase the speed of the coastal current Northeastward 
(upwelling favorable) winds can lead to a southeastward movement of the buoyant 
estuarine outflow away from the coast and a decrease in the speed or reversal of the 
southwestward-flowing coastal current (Chao 1987). The speed and the structure of the 
coastal current can influence the distribution of planktonic organisms along the coast 
General circulation patterns which occur while the larvae of benthic marine organisms are 
in the water column may exert an environmental control on recruitment of that particular 
cohort
Fong et al. (1996), for example, examined the cross-shore extent of the buoyant 
plume relative to fluctuations in alongshore wind stresses during the spring of 1993 and 
1994, along a transect offshore of Cape Porpoise, Maine (see Figure 1). Modeled plume 
widths, relative to alongshore wind stresses, were compared with observed plume widths. 
They found good agreement between observed and predicted plume widths over short 
time scales (<15 days) and during times of high river outflow, such that upwelling- 
favorable winds spread the plume offshore (> 50 km) while downwelling-favorable winds 
narrowed the extent o f the plume to within 10 km from shore. Furthermore, they found 
that the plume tended to be thicker during downwelling conditions relative to upwelling
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events, and that in general, the wind-induced response of the plume explained the 
distribution and transport of toxic algae along the New England coast (Anderson et al. 
1995).
Feng (1996) compared seasonal Ekman dynamics for spring (1 April to 19 May) 
and summer (18 July to 4 September) months during 1994, along a transect that extended 
from offshore of Cape Porpoise, Maine to Wilkinson Basin (see Figure 1). He found that 
the majority of the wind stress variance was in the alongshelf direction (i.e. 
upwelling/downwelling favorable) during both seasons. In addition, there was a 
significant cross-correlation between the surface across-shelf flow (5 m) and wind stress 
for both seasons, while deeper flows (27 m and 50 m) were significantly correlated with 
wind stress only during the spring. He concluded that Ekman dynamics were more nearly 
two-dimensional in the spring whereas summer dynamics appeared to be three- 
dimensional.
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Figure 4.1. Surface circulation in the Gulf of Maine (adapted from Bigelow, 1927).
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Methods
Study Site
During the spring/summer of 1993,1994 and 1995 cruises were conducted aboard 
the R/V Jere Chase (1993) or the R/V Gulf Challenger (1994,1995) along a six-station 
transect which extended offshore of the Piscataqua River, Portsmouth, New Hampshire 
(Figure 4.2). Station 1 was located near the mouth of Portsmouth Harbor at 
approximately 24 m depth and station 6 was located approximately 38 km from the 
harbor at a depth of 185 m. The study transect was sampled on 26 March, 30 April, 14 
May, 02 June, 08 June, 15 June, 25 June and 26 July in 1993,19 April, 20 May, 26 May, 
04 June and 27 June in 1994 and 23 March, 28 April, 11 May, 25 May, 08 June and 20 
June in 1995.
Biological Data
Depth-stratified plankton tows were taken at even-numbered stations along the 
study transect, using a plankton net equipped with a close-open-close mechanism 
(General Oceanics). The plankton net (0.3 m opening, 333 pm mesh) was equipped with 
a mechanical flowmeter (General Oceanics) which permitted estimation of the sampled 
water volume (according to the algorithm provided by General Oceanics). During 1994 
and 1995, replicate plankton tows were taken at each station. During all years, larvae 
were removed live from the samples and enumerated. Cucumaria larvae were identified 
to the species level with species-specific oligonucleotide probes (Medeiros-Bergen et al. 
1995).
The specific gravity of individual larvae was determined, prior to application of 
the DNA probes, on one sample date in 1994, using a Percoll silica solution with colored
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density marker beads (Pharmacia Ltd.). The marker beads ranged in density from 1.017-
1.045 g cm'3. A 4:1 gradient (Percoll:0.15 M NaCl) was centrifuged at 20,000 rpm for 1 
hr. Next, individual larvae were placed on the surface of the gradient and centrifuged at 
500 rpm for 1 min. The distance of the larva from the colored beads, measured to the 
nearest millimeter, was used to estimate the specific gravity of the larva. Larvae that 
were less dense than the lowest density marker beads (i.e. 1.017 g cm'3) were reported as 
<1.017 g cm'3 because the specific gravities could not be interpolated.
During 1995, the seasonal pattern of larval development was examined by staging 
the larvae prior to applying the probe. With a dissecting microscope, individual larvae 
were assigned one of four stages (Stage I-blastula through elongate ciliated larva, Stage 
H-podial pit formation, Stage Di-primary podia and tentacles present and Stage IV- 
tentacles branched) based upon the descriptions of McEuen and Chia (1991) for two 
psolid sea cucumbers which undergo development similar to that of Cucumaria.
In order to compare the horizontal position of the larvae along the transect with 
wind forcing, the distance along the transect at which the greatest abundance of larvae 
occurred, throughout the entire water column and within the upper 10 m was compared 
with the alongshelf wind stress for one day prior to the cruise.
On 18 May and 20 June during 1993, the vertical distribution of larvae was 
assessed by conducting replicate plankton tows at 0,10,20 and 30 m depths. The mean 
density of larvae at each depth was compared statistically using a single factor analysis of 
variance (ANOVA).
On 24 May and 04 June during 1993, two regional surveys of larval abundance 
were conducted by taking surface plankton tows along ten cruise tracks that extended 
from Boothbay Harbor, Maine to Cape Cod Bay, Massachusetts. Regional surveys were
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completed within two days. Larval abundances and identifications were obtained as 
described above.
Physical Data
Hydrographic data, obtained with a Sea Cat CTD Profiler (Sea-Bird Electronics) 
were collected at all six stations on all cruises except on 26 March, 1993, when 
measurements were made only at the second, fourth and sixth stations. Temperature and 
salinity measurements (sampled at 2 Hz) were smoothed to reduce salinity spiking by 
adjusting the time differential between the temperature measurement and the salinity 
estimate (Seasave Software, Seabird Electronics). Next, temperature, salinity and density 
estimates were averaged into 3 m intervals and contoured. On 02 June, 1993, 
hydrographic data were not collected due to a CTD failure.
Wind data were obtained from the National Data Buoy Center (NDBC) for the 
Isles of Shoals and Portland, Maine (Figure 4.2). Wind speed and direction were used to 
compute alongshelf (40 °T) stresses using the algorithm of Large and Pond (1981). 
Positive (northeastward) and negative (southwestward) alongshelf wind stresses were 
classified as upwelling and downwelling favorable. Wind stresses less than 10.251 dyne 
cm'2 were classified as neutral (Fong et al. 1996).
In order to compare a given larval distribution with the surface layer of water 
likely to be under the wind's influence during upwelling conditions, the depth of the 
surface mixed layer was estimated. I used the relation derived by Lentz (1992), as
h=Au*/(Nif)1/2 (1)
where u»=(t/p)1/2 of which x is the wind stress magnitude and p is the density of sea 
water, Ni is the buoyancy frequency just below the mixed layer, f  is the Coriolis
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frequency, and A, a proportionality constant, =1.7. The wind stress magnitude recorded 
on the day prior to the cruise was used to estimate h.
76
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4.2. Map of study area depicting study transect, wind stations and the approximate 
position of the Androscoggin and Kennebec Rivers. With respect to study transect, 
stations 2 ,4  and 6 correspond to distances of 10,25 and 38 km offshore.
♦ CTD .transect stations 
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Results
Species-level Identification
Among years, Cucumaria was the most abundant species of holothurian larva 
present in the western GOM during the spring (Table 4.1, present paper, Medeiros- 
Bergen et al. 1995, Table 3). During 1993, 87% of the 1,847 larvae that were probed 
were Cucumaria, while only 4% and 9% were those of Psolus fabricii (hereafter Psolus) 
and Chiridota laevis (hereafter Chiridota), respectively (Medeiros-Bergen et al. 1995).
During 1994, of the 174 larvae that were probed, 145 (83%) were those of 
Cucumaria, 28 (16%) were Psolus and 1 (1%) were Chiridota. Six larvae that failed to 
hybridize with any of the three probes were sequenced. None of the sequenced larvae 
(five Cucumaria and one Psolus) possessed base variations in the region of the probe.
The lack of hybridization may reflect the quality of the DNA fixed to the membrane or 
the degree to which the membrane-bound DNA was denatured.
It was not possible to probe larvae collected on 04 June and 27 June, during 1994, 
due to poor DNA amplifications, and thus larval densities for individual species were not 
determined on those dates. Therefore, the densities of Cucumaria larvae on 04 and 27 
June were assumed to equal the total density of larvae, because Cucumaria typically 
represented such a high percentage of the total sample in May of 1994.
During 1995,260 larvae were probed of which 181 (70%) were Cucumaria, 9 
(3%) were Psolus and 70 (27%) were Chiridota. Nine hybridizations resulted in triple 
negatives and were subsequendy sequenced. Of the 9 sequenced larvae, 5 were 
Cucumaria (no base variations in the region of the probe) and 4 were Chiridota (one 
individual with a single base variation in the probe region).
78
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Larval Developmental Stages
The population of Cucumaria larvae present along the coast in 1995 were 
evidently not of local origin and may have represented a single cohort of larvae (Figure
4.3). Stage I Cucumaria larvae were rare along the study transect throughout the study 
season. However, when present (Le. 28 April), Stage I Cucumaria larvae were always 
further along in development than the blastulation stage. On the first date in which 
Cucumaria larvae were abundant (i.e. 11 May), the majority of larvae (79%) were already 
at Stage HI or beyond. By the end of June, all Cucumaria larvae were at Stage IV of 
development. The lack of numerous early-stage larvae along the transect suggests that 
these larvae had undergone development for several days prior to their arrival at the 
transect
Specific Gravity of Larvae
Ninety-seven percent of the Cucumaria larvae (n=33) had specific gravities 
<1.017 g cm'3, while 86% of the Psolus larvae (n=7) had specific gravities >1.017 g cm'3 
(Table 4.2). Thus, there may be interspecific differences in specific gravity between 
Cucumaria and Psolus larvae. Alternatively, ontogenetic differences could be 
responsible for differences in specific gravities between the two species.
Distribution of Larvae Relative to Hydrography
During 1993,1994 and 1995 Cucumaria larvae were present in the coastal waters 
of New Hampshire from April through June; larvae were not present during March or 
July surveys during 1993 (Medeiros-Bergen et al. 1995), on 08 March or 13 April during 
1994 (M. Lesser and N. Tolimeri, pers. comm.), nor in March during 1995 (Table 4.1).
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During 1993, larval densities ranged from 0-37 larvae m'3 (Figure 4.4 and Table 4.2). In 
1994, larval densities ranged from 0-2.72 larvae m'3 (Figure 4.5). During 1995, larval 
densities 0-40 larvae m'3 (Figure 4.6) were similar to the range occurring in 1993. 
Densities during 1993 and 1995 were more than an order-of-magnitude greater than 
densities during 1994.
In 1993, during April, salinity more strongly reflected water column density than 
did temperature (Figure 4.4a). Downsloping isotherms, isohalines and isopycnals 
reflected a previous downwelling event (Figure 4.7a). Larvae were only present inshore, 
within the upper 10 m of the water column. Stratification increased during May (Figure 
4.4b), but the slightly downsloped isopleths were present despite little evidence of a 
previous downwelling event (Figure 4.7a). Larvae were present along the entire transect 
and throughout the water column, but was a greater abundance of larvae at 25 km 
offshore at 10 m depth, just above the 31.3 PSU isohaline. The greatest abundance 
occurred subsurface, at 10 m depth. Coastal waters were strongly stratified throughout 
June (Figures 4.4c,d,e). On 08 June, downsloped isopycnals reflected a previous 
downwelling event (Figure 4.7a). Larvae were present inshore of the 31.8 PSU isohaline. 
Larvae were abundant at 10 km and 25 km offshore and were not present at 38 km 
offshore; the greatest abundances occurred at or below 20 m depth. On 15 June, a parcel 
of lower salinity water (30.3 PSU) was present from 25 to 35 km offshore at the surface, 
and may have been the remnant of a previous upwelling event (Figure 4.7a). Larvae were 
present at most sampled depths, and the greatest abundances were subsurface (e.g. 10 m 
depth at 10 km offshore and at and below 30 m depth at 25 km offshore). On 25 June, 
the water column was strongly stratified. Upsloping isopleths expected for the 
predominantly upwelling winds prior to the sample date (Figure 4.7a) did not occur. The
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greatest abundance of larvae occurred subsurface, at 10 m depth, at 10 km offshore.
Replicate plankton tows taken on 20 May and 18 June at 18 km offshore indicate 
that during May, larvae were distributed throughout the water column (Figure 4.8a) while 
during June, larvae were significantly more dense at 20 m depth (Figure 4.8b)(F.os, 3,8 = 
6.206, p<0.05). Assuming that the same cohort of larvae was sampled on both dates, this 
indicates that during June, larvae were significantly more abundant at subsurface depths, 
hi general, during May and June larvae were most abundant below the surface. During 
June, highest larval abundances occurred nearshore (10 km) and subsurface (10-20 m 
depth).
During 1994, coastal waters were more strongly stratified during April than they 
were the previous year (Figure 4.5a). Upsloped isopycnals reflected a previous upwelling 
event (Figure 4.7b). Larvae were present, down to 20 m, at all stations sampled, but were 
most abundant at 10 km offshore at 15 m depth, at 25 km offshore at 10 m depth and at 
38 km offshore at the surface. Larvae were present above the 32.2 PSU isohaline. 
Specific gravity of Cucumaria larvae collected on this day were all much lower than the 
ambient density of sea water (Table 4.3). For example, the specific gravity of larvae 
collected at 38 km offshore at a depth of 20 m, was <1.017 g cm'3, while ambient density 
at this depth was 1.0255 g cm'3. In fact, the range of densities measured on this date, 
1.0243-1.0259 g cm'3, exceeded the estimates of larval specific gravities in all cases. 
Downsloped isopycnals on 20 May (Figure 4.5b) reflected a previous downwelling event 
(Figure 4.7b). The majority of larvae were present inshore of the 31.8 PSU isohaline; 
larvae were most abundant at 25 km offshore at 20 m depth. The coastal waters were 
more stratified on 26 May (Figure 4.5c) and weakly downsloped isopycnals provided 
some evidence of a previous downwelling event (Figure 4.7b). Larvae were present
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throughout the water column, but were most abundant at 10 km offshore at 15 m depth. 
Flattened isopleths on 04 June (Figure 4.5d) did not reflect the previous upwelling- 
favorable winds (Figure 4.7b). Larvae were present throughout the entire water column, 
but were most abundant at 10 km offshore at 15 m depth. On 27 June, the water column 
was similar to that on 04 June (Figure 4.5e). Prior winds were downwelling-favorable 
(Figure 4.7b). There were not many larvae present in the coastal waters, but of those 
present, abundances were greater at 10 km offshore at 20 m depth. Overall, during 1994 
there was little evidence that the highest larval abundances corresponded with a particular 
temperature, salinity or density. Because larvae were less buoyant than ambient density, 
they must have been actively controlling their vertical distribution in the water column. 
The majority of the highest larval abundances occurred subsurface throughout the study 
season. This trend is supported by the general decrease in the ratio of surface to 
subsurface larval abundance over time for the two most offshore stations, and the 
decrease in % larvae in the upper 10 m over time (Table 4.4) (e.g. 19 April compared to 
all other dates), and the fact that at the nearshore station, highest larval abundances 
always occurred at the most subsurface depth that was sampled.
During 1995, in April, the downsloped isotherm nearshore (Figure4.6a) may have 
reflected a previous downwelling event (Figure 4.7c). Larvae were only present at 10 km 
offshore at the surface. The flat isopleths present on 11 May (Figure 4.6b), did not reflect 
prior wind conditions (downwelling-favorable) (Figure 4.7c). but upsloping isopleths on 
25 May (Figure 4.6c) reflected a previous upwelling event (Figure 4.7c). Larvae were 
most abundant during May. Larvae were inshore of the 31.7 PSU isohaline on 11 May 
and were most abundant 10 km offshore at 10 m depth. On 25 May, larvae were 
distributed almost throughout the entire water column, and were most abundant at 10 m
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depth at the 10 km and 25 km sites. On 08 June, downsloped isopycnals (Figure 4.6d) 
reflected prior downwelling-favorable winds (Figure 4.7c). The larvae were inshore of 
and above the 31.8 PSU isohaline, and larvae were most abundant at 10 m depth at the 10 
km site. On 20 June, a buoyant parcel of water located at 20 km offshore at the surface 
(Figure 4.6e) may have reflected prior upwelling-favorable winds (Figure 4.7c). Larvae 
were not abundant at any of the sampled sites, hi general, there was a weak association 
between the larval distribution and salinity during 1995. Larvae sampled during April 
were most abundant at the surface, while those present for the remainder of the season 
were typically most abundant at 10 m depth. This trend is not apparent for 
surface/subsurface ratios of larval abundance for the two most offshore stations (Table
4.4).
Surface Mixed Laver Depth and Wind Forcing
In a coastal ocean, the upper can be modeled (Lentz, 1992) as a mixed layer, to a 
depth of h, atop a transitional layer that is characterized by velocity shear. Lentz (1992) 
estimated that 25-50% of the wind-induced cross-shelf transport occurred in the 
transitional layer. Therefore, he determined that the surface boundary layer was typically 
1.5-2 times the thickness of the mixed layer. For wind speeds recorded on the day prior to 
the sample date (Figure 4.7), estimates of h range from 2.9-13.8 m (Table 4.5). The 
majority of Cucumaria larvae occurred below h in the water column during 1993,1994 
and 1995. Thus, it is likely that larval movement would not be strongly coupled with 
upwelling/downwelling conditions. Instead, the larvae probably actively control their 
vertical position in the water by swimming downward and, hence, out of the mixed layer.
Determination of previous upwelling/downwelling conditions based on
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hydrography only agreed with those based on wind stresses in 10/15 sample dates (Table
4.5). Furthermore, a comparison of the offshore distances of Cucumaria relative to 
upwelling/downwelling conditions, in all non-neutral cases, only agreed with the 
prediction of larvae being located further offshore during upwelling and closer to shore 
during downwelling 66% in the case of the entire water column and 78% of the time for 
the upper 10 m. hi addition, larvae were located nearshore and offshore in neutral cases 
as well. Taken together, these results indicate that Cucumaria larvae are not typically in 
the mixed layer (perhaps due to avoidance behavior such as swimming) and that wind- 
driven circulation alone does not adequately predict hydrography on a local scale. There 
was some evidence that larvae in the mixed layer may be transported offshore during 
upwelling and onshore during downwelling. However, the highest abundances of larvae 
typically occurred at 10-20 m depth, which was deeper than the mixed layer depth based 
on estimates from the wind data. Given other physical phenomena, such as density-driven 
circulation from freshwater outflow from the Kennebec and Androscoggin Rivers, could 
and did affect circulation at the Portsmouth site, it is surprising that any trends relative to 
upwelling/downwelling were apparent at all.
Regional Distribution of Larvae
The relationship between salinity, wind and larval distribution was examined on a 
regional scale (Figure 4.9 and 4.10). During the last week in May (Figure 4.9), the 
majority of larvae at the surface were located in the northern region of the study area, 
offshore of Bath, Maine. Few larvae were present in the southern region, south of 
Portland, Maine. During early June (Figure 4.10), the majority of larvae a the surface are 
located offshore of Portland, Maine. Relative to the May cruise, fewer larvae are present
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to the north of Portland, and larvae are more abundant to the south during June. This 
suggests that larvae at the surface were advected to the south. During both cruises, many 
(but not all) of the larvae were landward of the 31.0 PSU isohaline. During May, the 31.0 
PSU isohaline was closer to the coast in the northern region, while the 31.0 PSU isohaline 
was further offshore during June. During the May cruise, winds were very variable, 
changing from the northward to the offshore direction, hi early June, there were strong 
upwelling-favorable winds which caused the buoyant surface water to spread offshore. In 
the southern region, larvae were located further offshore during June, and were consistent 
with upwelling conditions prior to the June cruise. Although the surface distributions of 
larvae may have reflected prior wind conditions, larval distributions below the surface 
and their relationship to wind conditions were not determined.
During May, the center of mass of the larvae is in the northern region, located 
between transect 1 and transect 3. Approximately 8 days later during June, the center of 
larval mass is located between transects 3 and 4. This southward displacement of the 
center of larval mass represents a distance of approximately 40 km. Given that the 
average surface speed of the coastal current during 1993 for that time period was 9 km d'1 
(R. Geyer, pers. comm.), it would be expected that a single cohort of larvae would be 
transported approximately 70 km. The surface distributions of larvae indicate a 
southward displacement of only about 1/2 the expected distance between these two cruise 
dates, which suggests that some larvae may have dropped out of the surface waters 
between cruise dates.
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Table 4.1 Species-level identification for holothurian larvae from the western GOM 
during 1994 and 1995, collected in depth-stratified plankton tows along the study 
transect N refers to the number of probed larvae, np-no larvae present in the plankton, 
♦-larvae not probed due to poor DNA amplifications.
Date Cucumaria
frondosa
Psolus fabricii Chiridota laevis N
1994
19 April 58 (67%) 27 (31%) 1(2%) 86
20 May 45 (100%) 0 0 45
26 May 42 (98%) 1 (2%) 0 43
04 June - - - *(47)
27 June - - - *(1)
Total 145 (83%) 28 (16%) 1 (1%) 174
1995
23 March np np np 0
28 April 1 (5%) 4(18%) 17 (77%) 22
11 May 52 (53%) 5 (5%) 41 (42%) 98
25 May 75 (89%) 0 9(11%) 84
08 June 36 (97%) 0 1(3%) 37
20 June 17 (89%) 0 2(11%) 19
Total 181 (70%) 9 (3%) 70 (27%) 260













Figure 4.3. Cucumaria developmental stages along the study transect during 1995. Stage 
I-blastula through elongate ciliated larva, Stage n-podial pit formation, Stage ID-primary 
podia and tentacles present and Stage IV-tentacles branched.
50-i n  Stage I
H I  Stage II
Q9 Stage HI
|  Stage IV
Cruise Date
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Table 4.2. Distribution of Cucumaria larvae along the study transect on 02 June, 1993 
(hydrographic data not available).
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Figure 4.4a. Abundance of Cucumaria larvae (larvae m'3) along the study transect on
4/30/93 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.4b. Abundance of Cucumaria larvae (larvae m '3) along the study transect on
5/14/93 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.4c. Abundance of Cucumaria larvae (larvae m'3) along the study transect on
6/8/93 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.4d. Abundance of Cucumaria larvae (larvae m'3) along the study transect on
6/15/93 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.4e. Abundance of Cucumaria larvae (larvae m'3) along the study transect on
6/25/93 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.5a. Abundance of Cucumaria larvae (larvae m*3) along the study transect on
4/19/94 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.5b. Abundance of Cucumaria larvae (larvae m'3) along the study transect on
5/20/94 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
offshore are 20 m, 110 m and 185 m, respectively.
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Figure 4.5c. Abundance of Cucumaria larvae (larvae m‘ ) along the study transect on
5/26/94 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.5d. Abundance of Cucumaria larvae (larvae m~) along the study transect on
6 /4 /9 4  relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.5e. Abundance of Cucumaria larvae (larvae m'3) along the study transect on
6/27/94 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.6a. Abundance of Cucumaria larvae (larvae m'3) along the study transect on
4/28/95 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.6b. Abundance of Cucumaria larvae (larvae m'3) along the study transect on
5/11/95 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km



























5 10 15 25 30 3520 400
Distance Offshore, km 
100
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 4.6c. Abundance of Cucumaria larvae (larvae m'3) along the study transect on
5/25/95 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.6d. Abundance of Cucumaria larvae (larvae m'3) along the study transect on
6/8/95 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.6e. Abundance of Cucumaria larvae (larvae m ') along the study transect on
6/20/95 relative to temperature, salinity and density. Depths at 10 km, 25 km and 38 km
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Figure 4.7. Time series of wind speed and direction (daily averages) at the Isles of Shoals 
during 1993,1994 and 1995. Up represents northward. Vertical lines indicate 
approximate timing of cruises along the study transect
m inN




































Figure 4.8. Mean density of holothurian larvae m-3 (± 1 SE) at four depths during 1993 
on (a.) 20 May and (b.) 18 June.
Density (m-3)
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Table 4.3. Specific gravity of holothurian larvae collected on 19 April, 1994, along the 
study transect. Larvae were identified to species after having measured specific gravity. 
Distance refers to the distance from shore along the study transect Ambient density 
refers to the density of sea water at that particular depth, derived from the CTD profiles. 
C, P refer to Cucumaria and Psolus, respectively. Chiridota larvae were not present in 
this sample. N refers to the number of larvae measured.
Distance
(km)





( g e m )
Species N
10 15 1.0250 <1.017 C 10
25 10 1.0247 <1.017 C
10
25 100 1.0257 <1.017 c 1
38 0 1.0243 <1.017 c 8
38 0 1.0243 1.018 p 2
38 20 1.0255 <1.017 C,P 3,1
38 20 1.0255 1.017 C,P 1,3
38 20 1.0255 1.019 p 1
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Table 4.4. Vertical distribution of Cucumaria larvae present at 25 km and 38 km from 
shore during 1994 and 1995. *-nondivisible expression, np-no larvae present in samples.





19 April 25 0.4 9.0 24.6
38 2.3 4.6 2.0
20 May 25 0.7 0.1 0.2
38 0 * *
26 May 25 0.3 0.2 0.8
38 0.3 1.2 3.4
04 June 25 1.3 0.7 0.5
38 2.0 2.2 1.1
27 June 25 * * *
38 np np np
1995
28 April 25 np np np
38 np np np
11 May 25 1.0 0.8 0.8
38 np np np
25 May 25 0.0 0.0 5.86
38 0.0 0.0 13.4
08 June 25 0.7 0.7 1.0
38 0.7 1.3 1.9
20 June 25 * 0.6 0.0
38 * * *
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Table 4.5. Depth of the mixed layer (h), alongshelf wind stress, prior wind conditions 
(based on rho and tau), and offshore position of Cucumaria larvae. Wind stresses are 
based on the daily average of wind speed one day prior to the cruise dale. Positive stresses 
indicate upwelling-favorable. U, D, N represent upwelling-favorable, downwelling- 
favorable and neutral prior wind conditions. DistE and DistU represent the offshore 
distanpp. of rnpnmaria larvae based on larval abundance within the entire water column 















30 April 6.2 D -0.3511 D 10 10
14 May 3.5 D 0.0499 N 25 25
08 June 4.1 D -0.2738 D 10 25
15 June 6.6 N 0.4715 U 25 10
25 June 2.9 N 0.1078 N 10 10
1994
19 April 6.2 U 0.3221 U 10 38
20 May 7.9 D -0.5273 D 25 10
26 May <3.5 D 0.0322 N 10 10
04 June 4.25 N 0.1576 N 10 10
27 June 8.0 U 0.7427 U 10 25
1995
28 April 4.25 N -0.1485 N 10 10
11 May 5.0 N 0.2194 N 10 10
25 May 13.8 U 1.599 U 25 25
08 June 7.1 D -0.4098 D 10 10
20 June 8.0 N 0.7302 U 38 38
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Figure 4.9. Regional map of surface densities of Cucumaria larvae (m'3) and the 31.0 psu 
isohaline for 1993 on 24-27 May. Wind speed and direction are derived from Portland, 
Maine (northern region) and Isles of Shoals, Maine (southern region) wind stations. For 
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Figure 4.10. Regional map of surface densities of Cucwnaria larvae (m~3) and the 31.0 
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Discussion
Limitations of This Study
An adequately test of whether larvae are transported as passive particles or 
undergo active vertical regulation in the water column requires spatial resolution of larval 
distributions over the entire water column and throughout ontogeny, concomitant with 
measurements of specific gravities over the same spatial and time scales. The spatio- 
temporal data in the present study provide information at a much coarser scale. 
Furthermore, in order to understand larval transport, current rather than wind 
measurements are required, because winds are not the only physical process driving the 
currents. In order to determine larval distribution relative to frontal regions, the 
hydrographic data must be adequate over the spatial scale of the front In this study, poor 
resolution of hydrography below 10 m inshore of the station at 25 km offshore prohibits 
detection of any patterns of larval abundance relative to coastal fronts. Finally, the model 
of mixed layer depth described by Lentz (1992) was developed specifically for upwelling 
conditions, and hence is not appropriate to use under other conditions. Nonetheless, 
some intriguing trends and ironies arise from this limited data set.
Species Identification and Development
Holothurian larvae were present in the New Hampshire coastal waters between 
April and June during 1993,1994 and 1995. Among years, Cucumaria larvae were the 
most abundant, Psolus larvae were least abundant during 1993 and 1995, and Chiridota 
were least abundant during 1994. At the present, very little is known about adult 
distributions of Chiridota. However, larval abundance is not consistent with adult
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distributions of Cucumaria and Psolus, as the former is rare in the study region and the 
latter is quite abundant (pers. obs. and L. Harris, pers. comm).
Developmental stages of Cucumaria larvae along the study transect during 1995 
indicate that the larvae were not of local origin. When first abundant, the majority of 
Cucumaria larvae were at Stage in  in development According to Hamel and Mercier 
(1996) Cucumaria reaches Stage E l in 10 days and Stage IV in 13 days. Therefore, it is 
likely that the larvae were in the plankton for more than a week prior to arriving at the 
study transect Based on the southwestward flowing coastal current, larvae were likely 
advected to the study transect from northerly populations. This is highly probable since 
extensive populations of adult Cucumaria exist within the shallow-subtidal zone offshore 
of Portland, Maine. Further evidence that Cucumaria larvae crossing the study transect 
are not of local origin lies in the lack of early developmental stages. Also, when Stage I 
Cucumaria larvae were present, they were always further along in development than 
blastulation. This contrasts with many Stage I Chiridota larvae which were present as 
blastula in the plankton. Since the blastula stage can be reached in a matter of hours, 
Chiridota blastulae probably originated in close proximity to the study transect 
Unfortunately, no conclusions regarding developmental stages in Psolus can be reached 
because Psolus larvae were rare in the 1995 samples.
Specific Gravity and Swimming Speeds
The specific gravity of Cucumaria larvae was consistently less than that of 
ambient sea water. Thus the larvae must be able to overcome positive buoyancy and drag 
through ciliary action. Emlet (1994) modeled buoyancy and drag forces with ciliary 
forces and was able to determine that for lecithotrophic echinoderm larvae greater than
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800 pm in length (Cucumaria larvae are approximately 1.5 mm, Hamel and Mercier 
1996), uniform ciliation provided larvae enough propulsion to overcome buoyancy and 
dragi He concluded that patterns of ciliation and buoyancy reflect functional constraints 
on the maintenance of swimming capabilities. Although Cucumaria larvae live in an 
environment in which viscous forces dominate (i.e. low Reynold's numbers) it is likely 
that their vertical distribution is controlled by active swimming.
Measurements of specific gravities from R. R. Olson (unpubL data) corroborate 
measurements from the present paper. Using the same technique (i.e. Percoll density 
gradients), with the exception that specific gravities less than 1.017 g cm’3 were 
extrapolated, Olson reported that the mean specific gravity of Cucumaria for Stages E-IE 
was 1.003 g cm'3 (SE=0.0001, n=10) and Stage IV was 1.015 g cm'3 (SE=0.002, n=5). 
Furthermore, in accordance with the present study, he found that the larvae, irrespective 
of depth in the water column, and many recent recruits were positively buoyant (Figures 
4.11a,b, 4.12a), while all recruits believed to be older were negatively buoyant (Figure 
4.12b). Therefore, it is likely that the larvae became negatively buoyant after settlement 
took place. Because Olson did not determine when settlement actually took place, the 
rate and timing of postsettlement buoyancy loss cannot be determined. However, in all 
likelihood, the rate of buoyancy loss at the benthos is probably correlated with the rate of 
ossicle formation. Moreover, Olson did not identify the larvae and recruits to the species 
level prior to measuring specific gravities. Although the majority of larvae and recruits 
were probably Cucumaria, the possible presence of Psolus larvae in his samples could 
have contributed to some of the variance (e.g. Figure 4.12a).
Swimming behavior and speeds determined by R. R. Olson (unpubl. data) support 
the contention that Cucumaria larvae were positively buoyant at the time of settlement
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In the laboratory, he found that Stage H-IH larvae swam upward at a mean speed of 0.26 
mm s '1 (SE=0.055, n=10), while Stage IV larvae swam downward at a  mean rate of 0.62 
mm s '1 (SE=0.19, n=5). These data also indicate that Cucumaria larvae were able to 
overcome positive buoyancy through ciliary action and that an ontogenetic shift in 
swimming behavior may have taken place. Clearly, when taken together, the data on 
specific gravity and swimming behavior call into question the tenet that initially buoyant 
lecithotrophic larvae become negatively buoyant over ontogeny in the plankton, and that 
the loss of buoyancy is a mechanism for lecithotrophic planktonic larvae to settle onto the 
benthos. A more likely scenario for Cucumaria is that the positively-buoyant larvae must 
swim down in order to settle onto the benthos, and that once on the benthos, the new 
recruits can remain there by holding on with their tentacles until they become negatively 
buoyant It is likely that the loss of buoyancy occurs sometime after settlement In an 
often cited paradigm on the mechanism by which buoyant larvae settle onto the benthos, 
lecithotrophic larvae are believed to slowly lose buoyancy over ontogeny, as lipid 
reserves (the main storage product) are metabolized (Chia et aL 1984). However, there 
are little data to support the contention that lipid stores present in invertebrate larvae are 
necessary for larval maintenance, and that over time the lipid stores are depleted (R. 
Emlet, pers. comm.). Instead, data on energy content between eggs and juveniles of 
directly-developing echinoderms showed little difference between larvae and juveniles 
(Turner and Rutherford 1976; McClintock and Pearse 1986). Further, Jaeckle and 
Manahan (1989) demonstrated that lecithotrophic bivalve larvae can acquire up to 70% of 
their metabolic needs from dissolved organic matter (DOM). In the case of Cucumaria, 
once the larvae develop tentacles (while still in the plankton) they can actively feed on 
suspended particles. Although the importance of DOM to Cucumaria energy budgets
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has never been studied, it is also a possible alternative source of nutrition for the larvae.
In a recent paper on Cucumaria development, Hamel and Merrier (1996, pg 257) 
stated that "When the larva developed into pentactula...the cilia progressively 
disappeared.. JDuring this transformation, achieved in 3-8 d, the embryos sank..." 
However, if the larvae are positively buoyant until sometime after settlement, ciliary loss 
would result in an inability to overcome positive buoyancy, and the larvae would float 
Later in the paper, on page 267, the authors stated that "This pattern agrees with the idea 
that the embryos progressively sank from the very unstable surface waters to deeper and 
more stable water, where they developed into pentactula." However, at this point the 
larvae would still be positively buoyant, and thus, sinking is an unlikely scenario.
Finally, on page 268, they stated that "Because the loss of cilia and vitelline reserves was 
gradual, the pentactulae slowly lost buoyancy and explored the substrate." Although the 
loss of buoyancy is mentioned several times, and cited as the probable cause of descent to 
the benthos, no buoyancy data were presented in their paper. Clearly, data on buoyancy 
and changes in lipid reserves over ontogeny are needed, for a variety of taxa, before this 
issue can be resolved.
Along the study transect, Psolus larvae were not very abundant, even though the 
transect lies in a region that adult Psolus inhabit It is possible that interspecific 
differences in buoyancy or behavior between Cucumaria and Psolus can account for the 
lack of Psolus larvae along the study transect Another possibility is that Psolus adults 
are external brooders. A recent review of reproductive patterns in the family Psolidae 
revealed that 73% of all psolids for which information is available are brooders (McEuen 
and Chia 1991). Although external brooding has never been reported for Psolus, this may 
be due to a lack of observations.
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Larval Distribution Relative to Hydrography
Among years, Cucumaria larvae may have been weakly influenced by salinity, but 
lack of data beyond the 31.8 PSU isohaline causes this observation to be very tentative. 
However, larval sensitivity to salinity was reported by Hamel and Merrier (1996) in 
which they found that Cucumaria larvae developed fastest at 26 PSU. They concluded 
that Cucumaria was a euryhaline species, and that high salinity (i.e. 32 PSU) may have 
been limiting to their distribution. There was no pattern of larval distribution with respect 
to temperature or density of the water column during all three years.
Banse (1986) found that echinoderm and polychaete larvae were sensitive to 
environmental conditions, in that the larvae tracked a particular water mass throughout 
their planktonic phase. He attributed this to their weak swimming abilities which 
prohibited the larvae from passing through the pycnocline. The highest abundances of 
Cucumaria larvae were often located between 10 and 20 m depth in the water column 
along the study transect Since the depth of the mixed layer was usually shallower than 
this, the larvae were probably able to pass through the pycnocline. Because the larvae 
were positively buoyant moving down through the pycnocline was likely the result of 
swimming behavior. Swimming out of the surface layer may provide a selective 
advantage to Cucumaria larvae by minimizing southwestward transport and thus, 
maximizing chances of finding suitable settlement sites to the north.
Larval Distribution Relative to Wind Forcing
The horizontal position of larvae during non-neutral wind stresses was consistent 
with the upwelling/downwelling prediction in 66-77% of the cases. Although upwelling
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dynamics have been shown to influence larval distribution and recruitment on the 
California coast, this is the first study to link (albeit, weakly) wind forcing with larval 
position in the GOM. The lack of absolute agreement between upwelling/downwelling- 
favorable conditions and larval position could be due to changes in behavior over 
ontogeny, if older larvae migrated out of the surface waters, or to the fact that processes 
other than the wind also affected hydrography. Regional surface distributions of salinity 
generally reflected upwelling-favorable and downwelling-favorable wind conditions, 
while Cucumaria distributions were not as clear cut Positive alongshelf wind stresses 
resulted in some larvae being spread further offshore while negative stresses weakly 
compressed larvae against the coast This pattern is not as dramatic as that documented 
by Roughgarden et al. (1991) in which the seaward edge of the distribution of a coastal 
barnacle species moved further from shore during upwelling events.
Cucumaria larvae were less abundant along the study transect in 1994 than they 
were in 1993 and 1995. There are two scenarios (not mutually exclusive) that could give 
rise to this pattern: decreased alongshore transport and increased offshore transport 
Using wind stress as a proxy for surface transport it appears that the winds were more 
strongly upwelling-favorable during 1994 than during the other two study years. Thus, 
while decreased alongshore transport cannot be ruled out based on the available data, it is 
plausible that there was increased offshore transport during 1994.
Similar interannual differences in coastal transport were reported for the 
distribution of the toxic dinoflagellate Alexandrium tamarense in the western Gulf of 
Maine during 1993 and 1994 (Anderson et aL 1995). They found that the predominantly 
downwelling-favorable winds present during 1993 strongly influenced the southward 
transport of A. tamarense cells (consistent with the 'plume advection hypothesis' of
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Franks and Anderson 1992) originating near the mouth of the Kennebec-Androscoggin 
Rivers. During 1993, several monitoring stations to the south of Casco Bay reported 
toxicity. However, during 1994, upwelling-favorable winds persisted, which resulted in 
northward flow of the plume and offshore transport of the A. tamarense source 
population. There was very little southward transport of A. tamarense cells and hence, no 
toxicity reported in Massachusetts Bay. The authors concluded that the timing between 
wind-forcing and river runoff largely determined transport processes within the coastal 
current. Although Cucumaria can actively regulate their vertical position in the water 
column, it is unlikely that the larvae can overcome horizontal advection by the coastal 
current Thus, it is possible that the larvae may be influenced by other physical forcings 
that drive the coastal current in the western Gulf of Maine.
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Figure 4.11. Specific gravity of holothurian larvae (a) collected in the field and (b) for
larvae kept in the laboratory (from Olson, unpublished data).
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Figure 4.12. Specific gravity of holothurian recruits during (a) May and (b) late June
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